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INTRODUCTION

The optical characteristics of gas-discharge plasma in mixtures of
different compositions are its most important characteristics. They carry
information about the physicochemical processes occurring in plasma and
its parameters and characteristics, including: the concentrations of electrons,
atoms and molecules; and the energy distribution, temperature and drift
velocities of electrons. These optical characteristics also characterize the
efficiency of elastic and inelastic collisions of electrons with working gases,
quenching the energy states of excited molecules, as well as the discharge
power losses in electronic processes [1].

Intensive study into the optical characteristics of gas-discharge plasma
began with the discovery of the effect of lasers on mixtures of metal vapors,
salts and gases. This led to a need to increase their energy parameters and
search for new active media [2—4]. Studies of the characteristic effects of
gas-discharge plasma in mixtures of mercury dibromide vapor with gases
are particularly prominent. Such plasma is used as a working medium for
exciplex sources of pulse-periodic coherent (lasers) and spontaneous
radiation (excilamps) in the blue-green region of the spectrum and with a
wavelength at maximum intensity of (Amax.) = 502 nm [5—14]. These sources
of radiation have attracted the attention of researchers in connection with
the high specific power of radiation, which is recorded in the visible spectral
range, by tuning the wavelength of radiation across a wide range of the
spectrum, and also with the possibility of operating in a pulse-periodic

mode. The average power of laser radiators reaches ~200 W at an efficiency
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of 2.1 % with energy in a single pulse of 9.8 Joules (2.4 % efficiency) [8—
11]. Such sources of radiation are needed for a number of important
applications: the monitoring of air and water basins; range finding of marine
objects; underwater communications; the technology of electronic
equipment materials; increasing the efficiency of photosynthesis in plants
(in greenhouses, space vehicles, submarines, etc.); and pumping solid-state
and liquid lasers [15-19].

The data on optical characteristics of the working medium of radiation
sources (gas-discharge plasma in mercury dibomide vapor and gas
mixtures) make it possible: to diagnose the spectral composition of the
discharge plasma radiation; to reveal the optimal component composition
of the working mixtures, at which the maximum radiation intensity in the
investigated spectral range is reached; and to determine the pulsed radiation
characteristics. In addition, such characteristics allow us to establish the
physicochemical regularities in the processes that occur in the plasma of a
gas discharge in working mixtures, to find ways to increase their energetic
and spectral characteristics [3].

During the first studies on optical characteristics, i.e., the emission
spectra of gas discharge plasma in a mixture of mercury dibromide with
small additions of inert gases (<10 kPa), the emission of spectral bands in
the electron-vibrational transitions B2Z*1,—>X?Z"1,  of mercury
monobromide molecules was revealed—Iater, these were called exciplex
(HgBr*) molecules [3]. By nature these spectral radiation bands broaden
from the side of short wavelengths [20, 21]. When the total pressure of the
mixture increases, they become narrower due to the relaxation process of
the population of the vibrational levels of the B*X", state [22-24]. The
radiation pulses were delayed relative to the discharge current pulses by

several tens of nanoseconds and their duration (generation) was 30—70 ns
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[5-7, 25, 26]. In the dependencies of the radiation intensity of the exciplex
HgBr* molecule on the partial pressures of mercury dibromide and inert
gases, the following regularities can be observed: an increase in intensity
with an increase in the partial pressures of the mixture components, until a
maximum is reached; and a decrease in the radiation intensity with a
subsequent increase in the partial pressures of the components of the
mixture. The radiation intensity with increasing partial pressures after
reaching the maximum decreases with a lower rate for inert gases than for
mercury dibromide vapor. The partial pressures at which the maximum
radiation power is reached are 0.27—1.06 kPa for mercury dibromide vapor
and 90-120 kPa for inert gases [26—28]. The most intense emission of
mercury monobromide occurs in a mixture of mercury dibromide and
helium. The authors of these studies explained their results by changing the
reduced electric field strength E/N (where E is the electric field applied to
the plasma and N is the total concentration of the particles in the working
mixture), and also by quenching the BZZ*), state of mercury monobromide
molecules with the components of the plasma working mixture. A change
in the reduced electric field strength leads to a redistribution of the discharge
power into various processes that affect the intensity of the radiation, and
also to either an increase or decrease in the efficiency of the processes of
populating and depopulating the energy states of the components of the
working mixtures. The rate constants of elastic and inelastic processes in
the collision of electrons with atoms and molecules, which are a quantitative
measure of process efficiency, are mainly determined by the theoretical
method, which is associated with methodical difficulties and poor
knowledge about the efficiency of plasma-chemical processes occurring in
plasma in working mixtures [29—-32]. In turn, the quenching rate constants

of the B2Z"; states of mercury monobromide molecules by the components
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of the mixture can be determined by optical methods for mercury dibromide
vapor with helium and neon mixtures. These are in the range (1.7-2.7) 10°
19¢m3/s and (1.5-5.5) 10-'* ¢cm?/s for quenching by mercury dibromide and
helium (neon) molecules, respectively [33—-36]. The rate constant of the
main population process of the B*Z*j, state of mercury monobromide
molecules (dissociative excitation of B2Z';, states of mercury
monobromide molecules in the collision of plasma electrons with mercury
dibromide molecules) in mixtures of mercury dibromide vapor with helium
and neon varies in the limits of the values 1-101°-9-10 cm?/s with a change
in the reduced electric field strength from 3 to 100 Td [32].

Previous investigations into the optical characteristics of gas-discharge
plasma in mixtures of mercury dibromide vapor and gases saw the following
experimental conditions: the amplitude of the voltage and current pulses
reached 50 kV and several kA, respectively; the repetition rate of the pump
pulses was in the range 1-2,000 Hz; and total pressures of the mixtures
reached 200 kPa. The studies were carried out with mixtures of mercury
dibromide vapor and the following gases: helium, neon, argon, nitrogen,
xenon, and krypton. Operating devices with a volume of more than 200 cm?
were used. The highest radiation powers of mercury monobromide
exciplexes were obtained for mixtures of mercury dibromide vapor with
helium and small nitrogen additions. This is explained by the addition of a
channel for the population of B*X*),, states of mercury monobromide in
collisions of mercury dibromide molecules with metastable nitrogen
molecules [37].

The study of the parameters and characteristics of plasma discharge in
working mixtures is of paramount importance in the study of their optical
characteristics, since the optical characteristics of the plasma discharge

constitute their functions [1-3]. The parameters and characteristics of the
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plasma discharge in the working mixtures were determined using data on
the efficiency of electron collisions with the components of the working
mixtures. On the basis of these data, the optimum reduced electric field
strength (E/N) was established for which the efficiency of the sources on
the mixtures increased. To establish this data, a theoretical method was used
[29-32]. In the mixture of mercury dibromide vapor with helium, or neon
(argon), and also with the addition of nitrogen (a small amount in the
mixture), the transport and energy characteristics; the specific power losses
of the discharge during the elastic and inelastic processes of collisions of
the discharge electrons with the atoms and molecules of a particular
mixture; and the rate constants of these processes were calculated [32].

An analysis of the results available in the scientific literature on the
investigation into the optical characteristics of gas-discharge plasma in
mixtures of mercury dibromide vapor and gases gave us new research
problems. These problems included the establishment of the
physicochemical regularities that occur in new working mixtures based on
mixtures of mercury dibromide vapor with gases, to reveal ways to increase
the energy characteristics of radiation from lasers and excilamps in the blue-
green spectral range. In addition, there was a need to carry out investigations
into the optical characteristics of gas-discharge plasma in the region of large
pump repetition rates (above 2,000 Hz), and the duration of the pump pulses
close to the lifetime of the B2Z*; state of mercury monobromide (<30 ns),
to reveal new and more effective mixtures of mercury dibromide vapor with
gases. Finally, we sought to determine the characteristics and parameters of
the plasma discharge under the experimental conditions at which the
maximum specific energy characteristics of the radiation of mercury

monobromide exciplex molecules were observed.
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CHAPTER 1

THE RESULTS OF PRELIMINARY
INVESTIGATIONS INTO GAS-DISCHARGE
PLASMA IN MIXTURES OF MERCURY
DIBROMIDE VAPOR WITH GASES

1.1. Optical characteristics of radiation

Investigations into the optical characteristics of the radiation of gas-
discharge plasma in mixtures of mercury dibromide vapor with gases have
developed apace since the late 1980s with the creation of a laser that could
generate radiation in the spectral range of 502 to 506 nm [5]. To obtain an
inversion, gas-discharge plasma was used, which created an atmospheric
pressure volume discharge in a mixture of mercury dibromide vapor with
helium. The active element of the laser was made of a sealed pyrex tube
with an inner diameter of 4 cm and a length of 35 cm. The electrodes of the
laser were two tungsten rods 6 mm in diameter and 25 cm in length; the
distance between them was 1 cm. Near the cathode (parallel to it) an
electrode was located, which was placed inside the glass tube and was used
to pre-ionize the working mixture in the inter-electrode gap. The laser was
pumped by a generator that provided a pulse voltage to the laser electrodes
with an amplitude above 8 kV, a duration of 70 ns, and a pulsed voltage on
the pre-ionization electrode. Crystals of mercury dibromide were placed in
the active element of the laser and filled with a buffer gas—helium—at a

pressure of 1,000 mm Hg. The partial pressure of the mercury dibromide
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vapor was created by heating the powder with an external electric heater.
The laser-generated energy of several tens of millijoules had a pulse
duration of 50 ns. The efficiency of the laser did not exceed 1 %. The authors
of [5] have established that the radiation in this spectral region appears in
the electron-vibrational transition B2X",—>X*2" 1, from v' = 0-3 v" = 22—
23 diatomic molecules of mercury monobromide. In subsequent work on
the optical characteristics, the design of the active element and the
parameters of the pump pulses, as well as the component compositions of
the working mixtures, were changed, making it possible to increase the
energetic characteristics of the laser. When the working mixtures were
pumped by a discharge controlled by an electron beam, the radiation energy
and efficiency reached 9.8 J and 2.4 %, respectively. In the pulse-periodic
mode with electric-discharge pumping and X-ray pre-ionization, the
average radiation power was soon brought to 200 W, and the efficiency to
2.1 % [8-11].

These experiments were preceded by studies into the emission spectra
of a high-frequency discharge in mixtures of mercury dihalides with small
additions of inert gases (several kPa) [20, 21]. The emission of electron-
vibrational spectral bands for the transition B2Z*,—>X?Z ", of the mercury
monohalide molecule was observed. At the atmospheric pressure of
working mixtures necessary for more efficient laser generation of radiation,
the emission spectra were almost the same as for mixtures with the addition
of buffer gases of several kPa. However, the emission bands were narrower
due to the rapid relaxation of the population of vibrational levels of B2X")»-
state mercury monobromide [22-24].

A weak dependency of the intensity of radiation on the partial pressure
of an inert gas for two-component mixtures was noted in [26-28], as well

as the presence of an interval of the partial pressure of dihalides and inert
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gases (for multicomponent mixtures) at which the radiation intensity was
high.

The temporal characteristics of plasma radiation in mixtures of mercury
dihalides and inert gases were investigated in [5—7, 25, 26]. The half-widths
of the current pulses through the gas-discharge gap and its generation were
30-70 ns. Current pulses outran radiation pulses by several tens of
nanoseconds.

The necessity of explaining the optical characteristics of plasma
radiation dischage in mercury dibromide vapor mixtures has stimulated
interest in the molecular terms of mercury monobromide and mercury
dibromide [20, 21, 38, 39].

Figure 1.1 shows a simplified diagram illustrating the formation of
HgBr molecules (B*X"12) under conditions of gas-discharge excitation of a
mercury dibromide with gas mixture. According to the data of [38], the
B2X); state of mercury monobromide has a strongly bound ionic character,
while the ground XX, state is weakly bound and has a covalent character.
The minimum of the potential curve of the B-state of mercury monobromide
shifts by 0.6 A relative to the X-state, which causes a preferential transition
from lower vibrational levels of the B?Z ", state to the upper X?T*)), states.
Such molecules are usually called exciplex-like and are denoted by an
asterisk (HgBr*) [2, 3].

It has been established that dissociative excitation in the collision of
mercury dibromide molecules with electrons is the main mechanism for the
population of the upper energy level (B*X')» state) of mercury
monobromide in gas-discharge plasma in a mercury dibromide vapor and
helium (neon) mixture [3, 13, 40-43]. Immediately after the formation of

this excited state of mercury monobromide in the plasma of a gas discharge,
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its radiative decay begins. In addition, the B?X", state of HgBr* is
quenched by heavy particles and electrons [3]:

(1.1) / Brte
HgBr;+e—>HgBr*+

(12) S~ B
(1.3) HgBr*—HgBr+hv

(1.4) HgBr*+M—HgBr+M+AE

where M represents the particles that quench the B?X "y, state of mercury
monobromide and AE is the energy difference in the reaction.

These processes (1.1-1.4) primarily explain the dependency of the
intensity of emission of mercury monobromide exciplex molecules on the
partial pressures of mercury dibromide. The contribution of processes (1.1—
1.4) to radiation intensity depends on the rate constants of excitation and
quenching of the B?X ", state and particle concentrations [1, 3].

For the same mixtures with the addition of molecular nitrogen or xenon,
the excitation of the HgBr B*X"}), state can occur via an additional channel
due to the transfer of energy from nitrogen molecules that are in the
metastable state A’X", and xenon atoms in the metastable state *P,. The rate
constants of this process are rather high: 1-1071° cm?/s and 5.3-10"'% cm?/s,

respectively [37].
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Figure 1.1. A simplified diagram illustrating the formation of HgBr (B?Z'i)
molecules under gas discharge excitation of mercury dibromide with gas mixtures;

M*—metastable atoms and molecules [30, 39].

The addition of neon, along with nitrogen and sulfur hexafluoride, to
the mixture leads to an increase in the population of metastable state A’T*,
nitrogen molecules due to the relaxation of the population from higher-lying
nitrogen levels in collisions with sulfur hexafluoride molecules and the
fragments thereof. This leads to a 50 % increase in the energy of HgBr laser
radiation [4]. In addition to the above processes, the HgBr B?X "), state can
also be excited through collision reactions with the ions of inert gases and
nitrogen, as the rate constants of these processes reach high values (3—7) %
1019 cm?/s [44]. However, the energy deposition of such processes to the
excitation of mercury monobromide B?X"), state in gas-discharge plasma
in mixtures of mercury dibromide vapor with gases has not yet been

determined.
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In most studies of the characteristics of gas-discharge plasma in
mixtures of mercury dibromide vapor with gases, excitation of the working
mixtures was done by discharge through barrier-dielectric quartz glass,
which provided a uniform burning of the discharge without the use of
preliminary ionization at typical atmospheric pressures of the working
mixtures and simplification of the design of the gas-discharge device [12,
14, 26-28, 45-47]. The first report on the studies of the spectral, integral,
and temporal characteristics of gas-discharge plasma in mixtures of mercury
dibromide vapor with gases for excitation, using a single-barrier discharge,
dates from April 1980 [12]. The excitation of HgBr, vapor in a mixture with
helium, as an inert gas, was carried out in a gas discharge cuvette and used
a thin-walled quartz tube. Two tungsten electrodes were located inside the
gas discharge cuvette, one of which was fitted with a quartz tube. To fill the
gases in the side of the cuvette, a quartz glass tube was welded in place.
Inside the tube there was a capillary, which reduced the removal of mercury
dibromide vapor to the pumping and gas inlet system. To create the desired
partial pressure of mercury dibromide vapor, the gas discharge cuvette was
heated using an electric heater, which was located on an additional external
quartz tube. A high-voltage pulse-periodic voltage of 3040 kV, with a
pulse duration of 50 ns and a repetition rate of 10-100 Hz, was applied to
the electrodes. In these studies, only one spectral band with a maximum
intensity of A = 502 nm was detected in the spectral range 300-700 nm. A
weak dependency of the radiation intensity on the partial pressure of helium
was observed in the temperature range 100-2,000 °C in the heating of the
gas-discharge cuvette. Experiments on the temporal characteristics of gas-
discharge plasma in a mixture of mercury dibromide vapor with gases used
a mixture of mercury dibromide vapor with helium [12]. Current pulses

were twofold. Each individual current pulse had a duration of 50 ns with a
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leading rise-front of ~10 ns. The time between pulses was 150 ns. The
radiation pulses were also twofold. The amplitude of the second pulse in the
radiation was higher than in the first one. As the pressure of helium
increased, the amplitude of both pulses decreased. However, for the first
pulse, this decrease was faster. The authors suggested that the first pump
pulse generated excited and non-excited molecules of mercury
monobromide. The radiation of the excited molecules was determined by
the amplitude of the first optical pulse. Under the action of the second pump
pulse, molecules of mercury monobromide from the X?T*, state were
excited. As a result of this, there was an additional increase in the population
of the BZZ*), state, leading to an increase in the amplitude of the second
radiation pulse. The decrease in the amplitude of the radiation pulses with
an increase in the partial pressure of helium was caused by a decrease in
mean electron energy, leading to a decrease in the efficiency of the process
of excitation of the B2X"}, state and, accordingly, its population decreased.

Figure 1.2 shows the results of the author’s investigations into the
optical characteristics of gas-discharge plasma in mixtures of mercury
dibromide vapor with inert gases, [26]. It shows the characteristic emission
spectrum of a mixture of HgBr, vapor with helium (neon, xenon) and the
dependency of the emission intensity of the spectral band of A = 502 nm
HgBr* on the partial pressures of mercury dibromide vapor with helium,
neon and xenon [26]. The spectra differed in the rate of the decrease in the
intensity of the spectral band of A = 502 nm HgBr* molecules in the
ultraviolet part, as well as in width, depending on the partial pressure of the
inert gases. The emission spectra of a mixture of HgBr, vapor with helium
(neon, xenon) for low pressures (less than atmospheric) continued further
into the region of shorter wavelengths. The dependency of the emission

intensity of the spectral band in the short-wave region can be explained by
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the relaxation processes of the population of the upper (v>1) vibrational
levels of the B?X";, states, which occur more rapidly than the electron-
vibrational transition to the ground X?Z "y, state [22-24]. The dependency
of the radiation intensity on the partial pressure of mercury dibromide shows
an increasing trend, and the region of maximum radiation is found at HgBr*
0.27-1.06 kPa. The results of the studies presented in Figure 1.2 show that
the most intense emission of mercury monobromide molecules takes place
in a mixture of mercury dibromide vapor with a light helium gas. The
behavior of the radiation intensity of gas-discharge plasma in the partial
pressures of mercury dibromide vapor and inert gases can be explained by
the rate of the processes of population and depopulation of the mercury
monobromide B*X"), state, which, in turn, depends on the parameter E/p
(where E is the electric field strength, which is applied to the plasma gap,
and p is the total pressure of the mixture). For a mixture with helium, the
excitation efficiency of the mercury monobromide B*X")), state is higher,
and the quenching process by helium is lower [30-36]. With increasing
voltage of up to 40 kV and a repetition rate of the generator pulses from 10
Hz to 100 Hz, a proportional increase in the radiation intensity can be
observed. Over a period of time (>50 hours), the decrease in the radiation

intensity in the spectral band is negligible [26].
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Figure 1.2. a) The radiation spectrum of a pulsed discharge in a He:HgBr, =
119.7:0.27 kPa mixture; b) the dependency of the emission intensity of the spectral
band A = 502 nm HgBr* on the saturated vapor pressure HgBr> for the He:HgBr2
mixture where the partial pressure of helium is 106.4 kPa; c) the dependency of the
emission intensity of the A = 502 nm HgBr* band on the buffer gas pressure for the
mixture: (1) He:HgBr2, (2) Ne:HgBr2; (3) Xe:HgBro—the saturated vapor pressure
of HgBr2was 0.27 kPa [26].

A number of articles [14, 27, 28, 45, 46] present data on the optical
characteristics of gas-discharge plasma at high pumping frequencies of
working mixtures (up to 2,000 Hz). When pumping a mixture of mercury
dibromide and neon with a microwave discharge for a discharge volume of

14.13 cm?, an average radiation power 0f 42.8 W and an emission efficiency
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0f 9.4 % [47] can be achieved. [14, 27, 28, 45, 46] have all reported on the
optimization of the energy and resource characteristics of working mixtures
of HgBr laser and an excilamp in a pulse-periodic discharge plasma at pump
repetition rates of 400—1,900 Hz. The gas-discharge plasma was created
by combined surface and barrier discharge. Investigations were carried out
on two, three and four-component mixtures of the following compositions:
HgBr::He; HgBr,:N»>:He; HgBr:Xe:He; HgBr»:Xe:N,:He. The partial
vapor pressure of HgBr» in the working mixtures was created by dissipation
of the discharge energy. The dependency of the radiation intensity on the
composition of the mixture was measured at a pump pulse repetition rate of
1,000 Hz and pulse voltage of 18 kV. For a double HgBr»:He mixture, the
increase in helium pressure from 141 kPa to 200 kPa resulted in an increase
in the average radiation power of 1.7 times. For the three-component
mixtures (curves 1 and 2, Figure 1.3a), maximum radiation powers were
achieved with xenon partial pressures of 2.03—4.05 kPa; for nitrogen the
range was 12.13-47.96 kPa. The average radiation power for four-
component mixtures was greater than for a ternary mixture with xenon, but
smaller than with nitrogen. The optimal ratio of the average power for the
component composition mixtures was: 1:1.9:4.2:21.5 = mixture 1:mixture
2:mixture 3:mixture 4, where: 1 - HgBr>:He (helium pressure 121.6 kPa); 2
- HgBr,:Xe: He (Xe: He = 1:39); 3 - HgBr»:Xe:N»:He (the ratio of Xe:N>:He
=1:10:29); and 4 - HgBr»:N»:He (the ratio of N»>:He = 1:3). Fig. 1.3b shows
the dependency of the average radiation power on the number of pump
pulses on one portion of the working mixture. The growth rate of the
average radiation power was larger for the HgBr,:N»:He mixture than for
the HgBr,:Xe:He mixture. At the same time, when the maximum value of
the average radiation power was reached, mixtures with added nitrogen

showed more steady behaviour than mixtures with added xenon. Thus, for
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the mixture HgBr»:N»:He at a ratio of the gas components N»:He = 1:4, after
reaching the maximum value, the radiation power during 8-10° pulses
decreased by no more than 10 %. In addition to studying the radiative
characteristics of the component composition of the working mixture,
measurements were made of the dependency of the average radiation power
on the pumping voltage and the repetition rate of the pulses. With an
increase in the energy stored on the capacitance of 0.06 nF dielectric (quartz
glass) from 0.13 mJ/cm? to 0.34 mJ/ cm?, the average radiation power
increased proportionally. This also occurs when the repetition rate of pulses
varies from 400 to 1,900 Hz. Saturation of power in the frequency of the
investigated range was not observed. For the mixture HgBr»:N,:He at a ratio

N»2:He = 1: 3, a total pressure of

a b
12;
———
08}

5: 08 2 =
=] [}
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0,4} 1 e

0.0 16 24 %0 04 o8 12 1s

p. kPa N, mln. pulses

Figure 1.3. a) The dependency of the average radiation power on the partial pressure:
1 - xenon and 2 - nitrogen in the mixtures HgBr2:Xe:He and HgBr2:N2:He,
respectively; b) the dependency of the average radiation power on the total number
of pulses in the HgBr2:Na2:He (ratio N2:He = 1:4). The total pressure of the gas
components was 121.6 kPa, the repetition rate of the pump pulses was 1,000 Hz

[27].
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121.6 kPa and a repetition rate of 1,900 Hz, an average radiation power of
6.8 mW was achieved. When pumping a gas-discharge tube with only a
barrier discharge, the average radiation power was less than 1.5 times the
value achieved when pumping with a combined (barrier and surface)

discharge.

1.2. Parameters and characteristics of plasma

Data on the characteristics and parameters of gas-discharge plasma in
some mixtures of mercury dibromide vapor and gases were established in
[29-32]. As experimental physics does not yet have satisfactory diagnostic
methods for dense gas-discharge plasma, studies in this direction rely
heavily on theoretical methods. The kinetic Boltzmann equation for
electrons was used to find the electron energy distribution function (EEDF)
[1, 48]. In determining the EEDF, it was assumed that under the
experimental conditions, the duration of the pump pulses was longer than
the time required to set the electron energy distribution function in the
plasma. The plasma medium was spatially homogeneous and characterized
by the constancy of the composition of all its components. Taking into
account these features, which in most experiments are justified, allowed us
to use the quasi-stationary Boltzmann equation for electrons in numerical
calculation of the EEDF.

Figure 1.4a shows the results of numerical calculation of the EEDF for
a mixture of mercury dibromide vapor with helium [32]. In this paper, it is
noted that the maximum value of Boltzmann’s EEDF shifted to a region of
high electron energies in comparison to Maxwell’s maximum of EEDF. The
energy distribution function of electrons occupies a narrow energy range for

small values of the parameter E/p, and when it increases, it expands.
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According to the calculated EEDF, the following were determined for
gas-discharge plasma in helium (neon) and mercury dibromide vapor
mixtures: transport and energy characteristics; electron drift velocity; mean
electron energy; specific powers in the elastic and inelastic electron
scattering channels for helium (neon) atoms; and dissociative excitation and
ionization of mercury dibromide molecules. The drift velocity of the
electrons in the mixtures studied increased linearly from 10° to 10® cm/s
with an increase in the parameter E/p in the range 1-30 V-cm™ -mm Hg™.
In the parameter region E/p = 1-15 V-em' -mm Hg!, the electron drift
velocity for the plasma in a HgBr,:Ne mixture was greater than for the
HgBr,:He mixture; in the parameter range E/p = 15-30 V-cm™-mm Hg™,
their values practically coincided [32]. The average electron energies in the
same range of changes in the parameter E/p also increased from 4 eV to 12.5
eV. In the range of the parameter E/p = 5-30 V-cm™'-mm Hg™!, mean electron
energies for a mixture of mercury dibromide vapor with helium were higher
than those in mixtures of mercury dibromide vapor with neon [32]. Fig. 4b
presents the dependencies of the specific power losses in the process of
electron collision in gas-discharge plasma in mixtures of mercury dibromide
vapor with helium at a different ratio of the partial pressures of the
components in the value of the parameter E/p [30, 32].

In the discharge in the first mixture at E/p = 1 V-cm™-mm Hg!, 90 %
of the power was lost to elastic collision (heating of the gas). In a mixture
of mercury dibromide vapor with neon, this value was 15 % [32]. The
dissociative excitation and ionization of mercury dibromide molecules
consumes 20-35 % of the discharge power in the parameter range E/p ~1+4
V-cm'-mm Hg™!. With an increase in the parameter E/p, losses entail in the

processes of excitation and ionization of inert gas atoms from the ground
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state, while part of the power that is transferred to the mercury dibromide
molecules and to the helium and neon atoms in elastic and stepwise
processes is reduced. The inelastic processes in the plasma mixtures with
neon lose several times more power in the range of the changes in the values
of the parameter E/p in comparison to mixtures of mercury dibromide vapor
with helium [32]. For the mixture HgBr>:Ne = 0.35 %:99.65 %, which was
used as a working mixture in the active element of an HgBr laser [30],
discharge power losses in the dissociative excitation of HgBr (B) at the
maximum of its value were ~8%. With an increase in the parameter E/N (>4
Td), this power gradually decreased. The power that is deposited in other
processes also decreased with the increase of the parameter E/N, with the
exception of the power for ionization processes and general electronic
excitation. This regularity is related to the dependency of the effective cross
section of the processes acting on the electron energy. The difference in the
dependency of the specific power losses of discharge power on these
processes can be explained by the introduction into the numerical
calculation of more effective processes of inelastic cross-sections, namely,
the vibrational excitation of mercury dibromide molecules and their
attachment. Fig. 1.4c presents data on the dependencies of the rate constants
of the elastic and inelastic processes of electron collisions with molecules
and atoms in mixtures of mercury dibromide vapor with helium and neon in
the parameter E/p, which were determined in [31, 32]. They are a
quantitative measure of the efficiency of these processes [1, 3]. The rate
constants of processes for both mercury dibromide molecules and for
helium and neon atoms increase with an increase in the parameter E/p. In
the dissociative excitation and ionization of HgBr> molecules, they increase
by one to two orders of magnitude when the parameter E/p changes from 1

to 30 V-em':mm Hg!. In the parameter region E/p ~2-3 V-cm™'-mm Hg™,
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where a greater contribution of the discharge power to these processes can

be observed, the constants depend weakly on the kind of inert gas. The

highest value of the constant (10”7 cm?/s) was obtained for excitation of the

D-state of HgBr, molecules (sums of states above the excitation threshold

of 7.9 eV) [31]. For E/p <2 V-cm™'-mm Hg"! in a mixture with neon, the rate
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Figure 1.4. a). The electron energy distribution functions for a mixture of HgBr2:He

=0.5:99.5; b). Specific power losses from the processes of electron collision with

mercury dibromide molecules and helium in the mixture: a) HgBr2:He = 0.5:99.5;

¢). The rate constants of the excitation and ionization processes in the mixture: a)

HgBr2:He = 0.5:99.5 [32].
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constants are of great importance. The rate constants of the processes of
elastic scattering of electrons with inert gas atoms and ionization are
characterized by high values of ~10*-10"7 cm?/s, which are associated with
higher effective cross-sections of these processes [32].

The numerical calculation of the electron distribution functions in gas-
discharge plasma in three component mixtures of mercury dibromide vapor
and neon with 10 % additions of either nitrogen or xenon are presented in
[3]. The value of the E/N parameter was chosen to provide approximately
equal mean electron energies for these mixtures. In a mixture with nitrogen,
the electron energy distribution was depleted in the energy range 2-5 eV.
This is due to the fact that in this range the vibrational excitation cross-
sections have high values (above 10'® cm?). In plasma mixed with Xe in
this electron energy range, there is an excess of electrons, and for energies
exceeding the 8.3 eV excitation threshold of the Xe (°P») state a depletion
in the distribution is observed. These features have a strong influence on the
electron energy distribution function by changing the E/N parameter and,
accordingly, on the excitation efficiency of mercury dibromide molecules

in the plasma in these mixtures [3].

1.3. Conclusions to Chapter 1

An analysis of the literature on the processes in gas-discharge plasma
of mercury dibromide vapor shows the following. The optical
characteristics and parameters of plasma in mixtures of mercury dibromide
vapor with gases were investigated for a limited set of compositions of
working mixtures. There is no data on these characteristics for the pulse-
periodic and sinusoidal modes of pumping working mixtures for pulse
repetition rates above 2,000 Hz and for short pump pulse durations (at the

level of exciplex molecule lifetimes). The possibility of the radiation of
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several exciplex molecules simultaneously, which can be formed in gas-
discharge plasma in the mixtures studied, has not yet been elucidated. The
parameters and characteristics of the plasma for most working mixtures has
not yet been clarified. There is no data on the optical characteristics in
devices of small dimension (with a radiation area of <10 ¢m?), which are
necessary for exciplex sources in a number of practical applications.

These circumstances determined the direction of our work.
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TECHNIQUE AND EXPERIMENTAL METHODS

The optical characteristics of plasma in mixtures of mercury dibromide
vapor and gases were investigated through barrier discharge (dielectric-
quartz glass) [ 16]. The most important characteristic of this discharge is that
the conditions for obtaining a non-equilibrium plasma can be provided at
increased (atmospheric) pressures. In a barrier discharge, this can be
achieved more simply than in other alternative methods, such as low-
pressure discharges, high-pressure pulse discharges, or through the injection
of an electron beam into a gas. It provides flexibility in relation to geometry,
working media and plasma parameters. Ozone was first produced with the
help of a barrier discharge, as well as powerful coherent infrared radiation
from a CO; laser; and incoherent UV, VUV, and visible radiation from

excimer and exciplex molecules [16, 49].

2.1. Experimental installations

Investigation into barrier discharge characteristics was carried out using
three experimental installations, the block diagrams of which are shown in
figures 2.1-2.3.

The structural elements of the installations are designed to take into
account the peculiarities of the experimental conditions with a discharge
that is formed in mixtures of mercury dibromide vapor and gases when a

high-voltage pulse-periodic voltage or a sinusoidal voltage is applied to the
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working electrodes with frequencies of 5 Hz, 3-9 kHz and 120 kHz,
respectively; interference in the range (5 Hz—150 MHz); and salt vapor and
gases of working mixtures at pressures of 70-200 kPa.

The main units of the first experimental installation (Figure 2.1)
are: a gas discharge cuvette (GDC); a vacuum pumping and gas filling
system (VPGFS); a high voltage (HVG) generator (pulse-periodic voltage);
and a system for recording the optical and electrical discharge
characteristics. The generator allows the reception of pulses with an
adjustable voltage amplitude in the range 3—10 kV, a duration of 400—600
ns, and a pulse repetition rate of f=3,000-9,000 Hz. The registration system
consists of: a diffraction monochromator SD 7 (with a grating of 600
lines/mm and spectral resolution of the recording system at 2.4 nm);
photodetectors (FD); photoelectronic multipliers FEU-106 and 14 ELU-FS;
an electrical signal amplifier (A)—US5-9; spectra recorder (SP)—KSP-4; a
digital voltmeter (V)—S-4300; an oscilloscope (O)—C1-72 (or C7-10A); a
Rogovsky coil (RC); a radiation power meter (PM)—Quartz-01; and a light
filter (F)—SZS-16.

The second experimental setup (Figure 2.2) was designed to study
sinusoidal optical and electrical signals at high frequency. Its main units are:
a high voltage generator with a sinusoidal form of the output voltage; a
monochromator—Jobin Yvon FHR 1000 (grating 2,400 lines/mm and
spectral resolution of the recording system at 0.08 nm); a photodetector—a
high-speed CCD solid-state matrix; a personal computer; a digital
oscilloscope—LeCroy WaveRuner 6100A; and a power meter—Newport
1918-C. The generator made it possible to change the amplitude and
frequency of the sinusoidal voltage up to 7 kV and 130 kHz, respectively.

The third experimental setup (Figure 2.3) consisted of: a high-voltage
generator (FID FPG 10-1MKS20); a coaxial cable (RG213, R = 50 Q);
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current shunts (R =0.157 Q); attenuators (A1 =20, A2 =30 Db); generators
for starting a high-voltage generator; a Shamrock sr-303i spectrograph
(diffraction grating 2,400 lines/mm and spectral resolution of the recording
system of 0.04 nm); a photodetector—ICCD camera (temporal resolution 2
ns); a personal computer; and a digital oscilloscope—LeCroy WR44Xi. The
generator provided a voltage of 10 kV and pulse repetition rate of 10 Hz for

a duration of 30 ns.

2.2. System for recording optical and electrical
characteristics

The system for detecting the radiation of discharges made it possible to
carry out spectral studies; to study the dependency of the emission intensity
of spectral bands and lines on the component composition of the working
mixtures; and to study the temporal characteristics of the radiation of barrier
discharges and their pump parameters to determine the radiation power in
absolute units.

When investigating the optical characteristics of a pulse-periodic
barrier discharge (Figure 2.1), the plasma radiation was directed using lens
A through the diaphragm D1 to the input slit of the SD-7 spectral
monochromator, analyzed in the spectral range 250—800 nm and recorded
by a photoelectric multiplier FEU-106. The electrical signal from the
photomultiplier arrived at the input of the amplifier V5-9 and was recorded
by a KSP-4 spectra recorder or a digital voltmeter SCH-4300. Calibration
of the sensitivity of the recording system in relative units in this spectral
range was carried out with the help of a standard hydrogen lamp DVS-25
and a tungsten lamp SI 8-200 at filament temperature T = 2,173 K.
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Figure 2.1. Block diagram of the experimental setup: GDC—gas-discharge cuvette;
HVG—high voltage generator with pulse periodic form; M—monochromator; FD—
photodetector; A—amplifier; SR—spectra recorder; V—voltmeter; O—
oscilloscope; RC—Rogowski coil; VPGFS —vacuum pumping and gas filling
system; PM—power meter; L, D1, D2, F—lens, diaphragm and filter, respectively
[54].

Figure 2.2. The system for recording optical and electrical characteristics in the

mode of pumping working mixtures with sinusoidal voltage: 1 - constant current

source; 2 - generator; 3 - high-voltage transformer; 4 - gas pumping and filling
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system; 5 - electrode; 6 - quartz tube; 7 - mesh (external electrode); 8 - optical fiber;
9 - monochromator; 10 - CCD detector; 11 - personal computer; 12 - shunt; 13 -

voltage divider; 14 - digital oscilloscope [58].
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Figure 2.3. Block diagram of the system for recording optical and electrical
characteristics in the pumping mode of working mixtures with pulse-periodic
voltage of nanosecond duration: 1—high-voltage pulse generator of nanosecond
duration; K—coaxial cable (R = 50 Q); shunts: 1, 2 current shunts; GDC—gas
discharge cuvette; L—quartz lens; generator 2—ICCD camera trigger generator;

oscilloscope; PC—personal computer [70].

The relative error in measuring the optical characteristics of a pulse-
periodic barrier discharge did not exceed the reduced error of the measuring
instrument—the digital voltmeter SCH-4300. The error was 1 %.

To investigate the temporal characteristics of radiation, an electronic
linear multiplier 14 ELU-FS was used, instead of the photoelectric
multiplier FEU-106, which provided a time resolution of 2.5 ns. The
electrical signal from it was fed into a wideband oscilloscope C7-10A or
C1-72, using a cable with a wave resistance of 50 Q. Using this oscilloscope,
we also investigated the amplitude and temporal characteristics of the pump

pulses (the amplitude of the voltage pulses applied to the gas discharge cell
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and the amplitude of the discharge current). The calibrated capacitive
voltage divider and Rogowski coil were used as the primary signal
converters.

The relative error in the study of the temporal characteristics of the
radiation was 10 %.

The average radiation power was measured with the help of the Quartz-
01 instrument. The optical signal after passing through the diaphragm D2
of 0.25 cm? area was incident to the SZS-16 light filter with a maximum
transmission of A = 500 nm. After this it was directed to the measuring head
of the instrument, which was 10 cm from the diaphragm. The power emitted

by the entire surface of the cell was determined from the expression [50]:

Praa. = QO'PpA/QpA

where Py, is the power detected by the photodetector; Qq is the equivalent
solid angle (for a cylindrical surface, its value is 7* [50]); Q. = S,/lo? is the
solid angle of the photodetector; S, is the area of the photodetector window;
and Iy is the distance at which the photodetector is located from the radiation
source.

The relative error in measuring the radiation power was 6 %, which
included: the relative error of the Quartz-01 instrument; the relative error in
determining the area of the photodetector; and the distance at which the
photodetector was located from the radiation source.

When studying the characteristics of a sinusoidal barrier discharge,
which was ignited by a sinusoidal voltage (Figure 2.2), the radiation was
analyzed in the spectral range 200—-740 nm. Radiation from the cuvette was
directed onto the input slit of the Jobin Yvon FHR 1000 monochromator
after passing through the optical quartz fiber and recorded with a high-speed
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CCD detector, Spectrum ONE, which was cooled with liquid nitrogen. The
signal from the CCD detector was sent to the personal computer. The spectra
were processed using the Spectrum Analyzer 1.5. The temporal
characteristics were recorded with a digital oscilloscope, LeCroy Wave
Runer 6100A, the sensors were a high-voltage divider, Tetronix P6015A,
and a low-inductance 50 Q resistor TVO for measuring the amplitude of the
voltage and current. The average power was recorded by the Newport 1918-
C power meter. The sensor head of the 918D-UV power meter was located
at a distance of 40 cm from the gas discharge cuvette.

In studying the characteristics of a pulse-periodic barrier discharge
(Figure 2.3) of nanosecond duration, plasma radiation was recorded and
analyzed in the spectral range 200-600 nm. The amplitudes of the voltage
and current pulses, as well as their temporal characteristics, were measured
with a current shunt (R = 0.157 Q) and an oscilloscope, LeCroy WR44Xi.
The temporal characteristics of the radiation were recorded using a
photoelectric multiplier, R5320 Hamamatsu, with a temporal resolution of
0.7 ns and an Istar-7260 ICCD camera (with a temporal resolution of 2 ns).
To study the temporal characteristics of the emission of exciplex molecules

of mercury monobromide HgBr*, a filter with a transmission maximum of

480 nm T 10 nm was used. In order to study the temporal characteristics of

the emission of exciplex molecules KrBr* a filter with a transmission

maximum at a wavelength of 210 nm £ 10 nm was used.

The relative measurement error was 2 %.

2.3. Gas-discharge cuvettes

The gas-discharge cuvettes were made of quartz tubes (quartz glass of

mark KU-2). The tubes had a wall thickness of 1 mm and an outer diameter
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of 8.8 mm or 6 mm. They were used to study the optical characteristics of
radiation when the working mixtures were pumped with pulse-periodic
voltage, with a pulse duration of 400-600 ns, as well as sinusoidal voltage.
Along the axis inside them was a molybdenum electrode with a diameter of
1-2 mm. The spacing gap was 2.4 mm or 1.5 mm. The outer electrode was
made of metal mesh (stainless steel) and had a transmittance of ~0.7 or 0.9.

It had a length of 3 cm. The working volume was ~(0.35-1) cm?.

Figure 2.4. Gas-discharge cuvette: 1 - internal electrode; 2 - external (mesh)
electrode; 3 - discharge zone; 4 - quartz glass; 5 - thermocouple; 6 - valves of the

pumping and gas filling system [68].

At the end of the quartz tube there was a capillary with a diameter of
1.5 mm, which served to reduce the removal of mercury dibromide vapor
from the cuvette into the vacuum gas mixing system.

To study the optical characteristics of radiation when the working
mixtures were pumped with a pulse-periodic voltage with nanosecond pulse
duration, ~30 ns, the same design of gas-discharge cuvette was used. The
difference was in its size. The tube was 210 mm long and the external
diameter was 10 mm. A tungsten electrode with a diameter of 2 mm was

located in the tube along the axis. The interelectrode distance was ~3 mm.
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On the outer surface of the quartz tube an electrode made of a metal mesh
with a transmittance of 0.7 was placed. A tap was welded on one of the end

surfaces of the tube to connect to the gas filling system.

2.4. Vacuum pumping and gas filling system

The vacuum pumping and gas filling system (VPGFS) was designed
for pumping a gas-discharge cuvette (GDC), as well as filling it with gas
mixtures. The block diagrams of the VPGFS show its separate elements.
Figure 2.5 shows a typical block diagram of the VPGFS. It includes: a
vacuum pump, type 2NVR-5DM or Edwards XDS-5; valves; reducers; a
membrane sample manometer; and a vacuum gauge or a capacitive pressure
sensor TPR-280; gas cylinders; and a buffer volume that is used to fill gases
of small partial pressures (<133 Pa). The gas is introduced into the GDC

after evacuation of the entire system to a pressure of 1.3-10°! Pa.

3
2
>4
T%
6 5

Figure 2.5. Block diagram of the vacuum pumping and gas filling system: 1 -

4

52 .y

GDC

-2

-2

pump; 2 - valves; 3 - vacuum gauge; 4 - manometer; 5 - buffer volume; 6 -

cylinders with gases, or gas mixtures; 7 - reducers; GDC—gas discharge cuvette.
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2.5. Control experiments

Control experiments were carried out to determine the operability of
the experimental setup for measurements, as well as the optical, electrical
and temporal characteristics of the recording system. At the beginning of
the control experiments, the range of voltage amplitudes at which the
discharge was to be ignited were determined. This consisted of the
following procedure. The gas discharge cuvette was degassed to a vacuum
of 1.3-107 Pa by heating it up to 200 °C for 1 hour. It was then filled with
“high” purity helium (GOST 1021) to a pressure of 121.6 kPa. A pulse-
periodic voltage with an amplitude of 6—10 kV and a pulse repetition rate of
6,000 Hz was applied to the electrodes of the cuvette. When the discharge
was ignited, a uniform, transverse discharge of pink color could be visually
observed.

To investigate the operability of the recording system for pulsed optical
and electrical signals, radiation pulses and the discharge current of a
nitrogen laser, LGI-21, whose passport data are known, were used. To this
end, the pulses from this laser (A = 337 nm), after attenuation by a neutral
filter, were applied to the input slit of the spectral monochromator SD-7,
which was previously tuned to this wavelength. The current pulses of the
active element of the laser were recorded using a Rogowski coil. Figure 2.6
a) and b) show the measurements. They coincided with the passport data
within an error of 10 %.

To determine the range of the linear change in the photodetector current
(PMT, ELU) with the change of the optical signal, we carried out an
experiment in which the radiation from the nitrogen laser LGI-21 was

directed to the input slit of the monochromator and its power changed
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linearly. The experiment revealed a linear change in the output signal within

a tenfold change in the laser radiation power.
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Figure 2.6. a) Oscillogram of laser LGI-21 radiation pulse; b) Oscillogram of laser
LGI-21current pulse.
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Due to the fact that the spectral sensitivity of the FEU-106
photomultiplier varies with the wavelength of the optical signal, a
calibration of the optical signal recording system in the spectral range 200—
900 nm was carried out.

The results of calibration of the optical signal recording system in the
spectral range 200-900 nm are shown in Figure 2.7.

Calibration of the Rogowski coil was carried out as follows. A low-
inductance 50 Q resistor of the TVO brand was connected to the load circuit
of the generator G5-15. The braid of the generator cable passed through the
free space of the Rogowski coil.

A voltage pulse from the Rogowski coil was fed to an oscilloscope C1-
72 or C7-10A. The known resistance of the resistor and the amplitude of the
voltage applied to it, along with the amplitude of the oscillogram,
determined the amplitude of the current in the electrical circuit. The
sensitivity of the Rogowski coil was eventually equal to 5.35-102 V/A.

Calibration of the recording system for the study of high frequency
sinusoidal signals was also carried out. This involved the use of standard
deuterium and tungsten lamps with relative intensities in the region of 200—

400 nm and 400-900 nm, respectively.
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Figure 2.7. Calibration graph for the optical radiation detection system.

Calibration of the recording system for pulse-periodic signals of
nanosecond duration (30 ns) and low frequency (10 Hz) was carried out in
the spectral range 200-600 nm (figures 2.8-2.10). A reference lamp (EQ-
99FC) was used for this purpose. Its emission spectrum according to the

passport data is shown in Figure 2.8.
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Figure 2.8. The emission spectrum of the standard lamp (EQ-99FC).
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Figure 2.9. Calibration graph for the optical emission detection system for the

standard lamp (EQ-99FC).
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Figure 2.10. The correction factor of the optical system for recording radiation of

wavelengths 200-600 nm.

2.6. Conclusions to Chapter 2

The experimental setup allows for systematic study of the optical and
electrical characteristics of the barrier discharge plasma, namely, to study
the emission spectra; the dependency of the radiation intensity on the partial
pressures of the mixture components; the impulse voltage, current and
plasma emission characteristics of the gas discharge; and the operating
mixture life and pumping conditions. The creation of plasma in the
investigated mixtures of vapor and gases was achieved by discharge through
the dielectric quartz glass. Control experiments, as well as calibration of the
optical signal recording system and Rogowski coil, allowed us to ensure that
the optical, temporal and electrical discharge characteristics were reliably

recorded by the optical and electric signal recording system.
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CHAPTER 3

OPTICAL CHARACTERISTICS
OF GAS-DISCHARGE PLASMA IN MIXTURES
OF MERCURY DIBROMIDE VAPOR
WITH ATOMIC AND MOLECULAR GASES

The optical characteristics of the plasma were studied in a barrier
discharge using mixtures of mercury dibromide vapor with gases, including:
helium, argon, neon, nitrogen, sulfur hexafluoride, xenon and krypton. The
main components of the working mixtures were mercury dibromide vapor
and a buffer gas such as helium, argon, neon or krypton. Nitrogen, sulfur
hexafluoride, xenon and krypton were used as additives to the main
components, and their partial pressures did not exceed 10 kPa. The plasma
was formed in a barrier discharge with a pulse-periodic and sinusoidal
waveform of the voltage pulse at a frequency f = 1-10 kHz (with the
mixtures HgBry:He; HgBry:Ar; HgBro:Ne; HgBr2:N>:He; HgBr,:SFg:He;
HgBr,:SFe:N»:He); 10 Hz (with the mixture HgBr»:Kr:He); and 120 kHz
(with the mixtures HgBr,:He and HgBr»:Xe:Kr).

Working mixtures were prepared directly in the volume of the radiator.
Mercury dibromide powder in the amount of 60 mg was uniformly loaded
into the discharge cuvette. The partial pressure of the saturated vapors of
mercury dibromide was created by self-heating the working mixture
through the dissipation of discharge energy, as well as by applying an

electric heater as an external heat source. After loading the salt, the radiation
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source was degassed by heating with the external electric heater at a
temperature of 70 °C and pumping out for 2 hours. The value of the partial
pressure of saturated mercury dibromide vapor was determined from the
temperature of the coldest point of the radiator, based on the reference data
[51]. Under the conditions of our experiment, it varied within the limits 0.1—
2,000 Pa. The partial pressures of the gases were measured using an
exemplary membrane manometer and a vacuum gauge, as well as through
the use of a buffer volume for measurement of low partial pressures (<133
Pa) of gases (see Figure 2.5, Chapter 2). In experiments with pumping by
pulse-periodic voltage of nanosecond duration, a capacitive pressure sensor,
TPR-280, was used to measure the pressure of the gas mixture (Kr:He). The
error in measuring the partial pressures of the gases was not more than 1 %,
and the partial pressure of mercury dibromide was 5 %.

The results of these studies were published in [52-60, 62-74].

3.1. Optical characteristics of gas-discharge plasma in a
mixture of mercury dibromide vapor with helium

Immediately after ignition of the atmospheric pressure barrier
discharge, a filamentary burning of the BR was observed in the form of a
set of cone-shaped microdischarges with a vertex on the metal electrode and
a base on the inner surface of the quartz tube of the radiator. The color of
the discharge in the initial stage (for the first 30 s) was determined by the
buffer gas helium—it therefore had a pink color. In the next time interval of
30-60 s, the discharge had a blue-green color. During the self-heating of the
mixture, the color of the discharge became green. At the same time, a diffuse
(homogeneous) character of the discharge glow was observed, and the
contrast in brightness in the volume discharge and filaments appreciably

smoothed out.
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3.1.1. Oscillograms of the pump pulses

In Figure 3.1, typical oscillograms of the pump pulses (voltage and
current of the barrier discharge) are presented. The amplitudes of voltage
and current pulses were 8 kV and 9A, respectively. The oscillatory structure
of the current pulse (Figure 3. 1) is caused by multiple discharges of the
dielectric capacitance during a voltage pulse with an amplitude sufficient
for the breakdown of the discharge gap [75]. The difference in the
oscillatory structure of the current pulses at the leading and trailing edges
of the pump pulse (voltage) was due to opposite directions of current
passing through the gas-discharge gap (2.4 mm). As a result, unequal
conditions of charge dissipation on the dielectric inner surface created

single-barrier discharge conditions, which were used in our experiments.

10 12

1 1 1 1 -12
0 200 400 600 800 1000

t, ns

-10

Figure 3.1. Oscillograms of the current and voltage pulses at the emitter electrodes
for the mixture HgBr2:He = 0.1:117; the total pressure of the mixture was P=117.1
kPa; the repetition rate was f= 6 kHz [52].
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3.1.2. Spectrum of plasma radiation

In Figure 3.2, a survey spectrum of the radiation of BR plasma in a
mixture of mercury dibromide vapor with helium is shown. In the emission
spectrum, a spectral band with a maximum intensity at a wavelength of A =
502 HgBr (B—X) nm was significant. It had a poorly-structured vibrational
structure and corresponded to the B*X*;, —X?2"1;, electron-vibrational
transition of the exciplex HgBr* molecule [76]. The main part of the
radiation intensity was concentrated in the wavelength range 475-512 nm.
The shape of the band and its width at half-height (15—16 nm) were similar to
bands corresponding to the transition of B—X mercury monohalides, as given
in those studies where the ignition of the barrier discharge was carried out in
quartz tubes of large dimensions [12, 13,26-28, 43,45, 46]. There was a sharp
increase in the intensity in the spectrum from the side of the region with large

wavelengths and a slow decline in the region of smaller wavelengths.

1.0f
=
©0.5¢
0.0 S S '
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Figure 3.2. The radiation spectrum of the barrier discharge in the mixture HgBr2:He
=0.1:117 kPa. The total pressure of the mixture was P = 117.1 kPa. The repetition
rate of the pump pulses was = 6 kHz; the amplitude was U.= 9 kV [52].
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3.1.3. The dependency of the average radiation power
of exciplex HgBr* molecules on the partial pressures
of helium and mercury dibromide vapor

Figures 3.3a and 3.3b present the results of studies on the dependency of
the radiation power of the exciplex HgBr* molecule on the partial pressure of
helium and mercury dibromide vapor, respectively. (In experiments on the
dependency of the radiation power of the HgBr* molecule, the partial
pressures of mercury dibromide vapor in mixtures with helium were created
by heating the radiator with an electric heater, Figure 3.3b.) An increase in the
radiation power of the HgBr* molecule was observed with an increase in the
partial pressure, both for helium and mercury dibromide vapor, from 80 kPa
to 117-120 kPa and 0.1 kPa to 0.8 kPa, respectively.

A further increase in the partial pressure, both for helium and mercury
dibromide vapor, led to a decrease in the radiation power of the exciplex of

mercury monobromide.
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Figure. 3.3. a) The dependency of the radiation power of HgBr* exciplex molecules
on the partial pressure of helium for the mixture HgBr2:He. The partial vapor
pressure of HgBr2 was P = 0.1 kPa. The repetition rate was f = 6 kHz; the voltage
amplitude was Ua= 9 kV; b) the dependency of the radiation power of the HgBr*
exciplex on the partial pressure of mercury dibromide vapor for the HgBr2:He
mixture. The partial pressure of helium was P = 117 kPa. The repetition rate was f

= 6 kHz; the voltage amplitude was Ua= 9 kV [52].
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3.1.4. Pulsed radiation power of exciplex HgBr* molecules

Figure 3.4 shows the pulsed radiation power of HgBr* molecules for
plasma in the mixture HgBr>:He, at the maximum values of the average
radiation power in the self-heating mode of the mixture. A structure
consisting of three pulses was characteristic. The amplitude of the first
radiation pulse was larger than the amplitude of the second pulse. The first
and third emission maxima coincided (within the measurement error) with
the maxima of the pump current amplitudes (Figure 3.1). The amplitude of
the third radiation pulse was larger in magnitude than the amplitudes of the
first and second pulses. Additionally, there was an additional maximum

amplitude in the third pulse.

t, ns
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)
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Figure 3.4. The pulsed power of the emission of exciplex HgBr* molecules of a gas-
discharge plasma in an HgBr2:He mixture. Partial pressures: HgBr2= 0.1 kPa; He =
117 kPa [59].
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3.1.5. Discussion of research results

The appearance of spectral band emissions with a maximum
wavelength of A = 502 nm with the B*X";, -X?Z*» electron-vibrational
transition of exciplex HgBr* molecules in gas-discharge plasma in a
mercury dibromide vapor with helium mixture, led to the formation and
destruction of the B?X"), state of mercury monobromide molecules. The

main transitions were [13, 26, 40—43]:

HgBry+e—>HgBr(*'T)+e—HgBr(B>Z*) »)+Br+e 3.1
HgBry+e—>HgBr(>'T",)+e—>HgBr(B?Z ) »)+Br (3.2)
HgBr(B?Z*))—HgBr (X?Z*2)+hv (3.3)
HeBr(B2"12)+M—> HgBr (X2£"12)+M+AE (3.4)

where M is the concentration of quenching molecules and atoms (HgBr,
He), respectively and AE is the energy difference in the reaction.

A strong increase in the intensity from the side of the region in the
spectrum with large wavelengths and a slow decline in the short wavelength
region (Figure 3.2) is due to the type of potential curves and relaxation
processes of the population of the upper vibrational levels of the B2Z*
state of the HgBr* molecule. A shift was seen towards larger internuclear
distances in comparison to the X?Z",; state (see Figure 1.1, Chapter 1). As
such, the relaxation processes occur faster than the electron-vibrational
transition to the ground X?X*), state [22-24, 36].

The dependency of the radiation power of HgBr* molecules on the
partial pressure of helium (Figure 3.3a) is due to the following processes:
an increase in the electron concentration with an increase in the partial
pressure of helium in the mixture; a change in the fraction of the discharge

energy that is spent on heating the working mixture; the change in the mean
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electron energy and rate constant of HgBr* molecule excitation as a
function of the parameter E/N value; and the quenching of the B2X*),, state
of HgBr* molecule upon collision with helium atoms [1, 3]. With an
increase in the partial pressure of helium, the value of the parameter E/N
decreased. This led to an increase in the specific losses of the discharge
power in the elastic scattering of electrons by atoms and molecules (Figure
4.3a, Chapter 4, dependency 2), which increased the heating of the mixture.
This in turn increased the partial pressure of the mercury dibromide vapor
and, correspondingly, the radiation power of HgBr* molecules. In addition,
the increase in the radiation power with increasing partial pressure, in both
helium and mercury dibromide vapor, was promoted by an increase in the
electron concentration, which increased with the increasing concentration
of the components of the working mixture [77]. The presence of a maximum
and a further decrease in the radiation power of exciplex HgBr* molecules,
with an increase in the partial pressure of helium, is caused by a decrease in
the fraction of the discharge energy that is spent on the excitation of the
HgBr* molecule B?X ', state (Figure 4.3a, Chapter 4, curve 7), as well as
the process of quenching a given state of the mercury monobromide
molecule upon the collision of molecules with helium atoms (process 3.4)
[33].

The dependency of the radiation power of exciplex HgBr* molecules
on the partial pressure of mercury dibromide vapor (Figure 3.3b) and the
optimal value of the partial pressure of mercury dibromide vapor is
determined by the kinetics of the processes leading to the excitation and
quenching of the HgBr* molecule B*X"}/, state—the process (3.1) and the
efficiency of the process of quenching this state by HgBr, molecules
(process 3.4). Above a certain value of the partial pressure of mercury

dibromide vapor, the quenching process (3.4) will have a predominant value
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in connection with which the radiation power decreases. The rate constant
of this process is (2.7 £ 0.2) 10-'° cm?/s [78].

The first radiation pulse (Figure 3.4) is caused by the process of
dissociative excitation of the B?Z', state of mercury monobromide
molecules in the collision of electrons with mercury dibromide molecules
(process 3.1). The presence of a second radiation pulse can cause an
additional excitation channel of B?X'j,-state mercury monobromide
molecules. Mercury monobromide molecules, which are in the X2X" ), state
(and thus do not have time to unite into the triatomic mercury dibromide
molecule), are excited in collisions with plasma electrons in the B*Z")
state, after which the decay of this state through the optical channel yields

an additional (second, Figure 3.4) radiation pulse:

HgBr(X?2"2)+e—HgBr(B>Z ' 0)+e (3.5)
HgBr(B%Z"2)—HgBr(X2Z"12)+hv (Amax. 502 nm) (3.6)

which are similar to the experimental results obtained at low repetition rates
of the pump pulses in papers by previous authors [2, 13].

The second pump pulse leads to the excitation of HgBr molecules along
the main channel (reaction 3.1) to the B?X'j, state and gives the
corresponding amplitude in the third radiation pulse. The appearance of an
additional maximum amplitude in the third radiation pulse is possibly

caused by a current of negative ions HgBr,™ and Br [3, 79-83].

3.2. Optical characteristics of gas-discharge plasma in a
mixture of mercury dibromide vapor, nitrogen and helium

Studies were carried out in a ternary mixture of HgBr,:N>:He. The

partial vapor pressure of the mercury dibromide and helium was 0.1-0.8
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kPa and 120 kPa, respectively; the partial pressure of nitrogen varied within
the range 1-10 kPa. The partial pressure of helium was the same across the
experiments. It was chosen as optimal for the maximum observed radiation

power of the double HgBr»:He mixture (Section 3.1).

3.2.1. Oscillograms of the voltage and current pulses
of the barrier discharge plasma

Figure 3.5 shows oscillograms of the voltage and current pulses of the
barrier discharge plasma for the ratio of the components of the mixture at
which maximum radiation was reached. The oscillatory regime of the
energy input of the pump source into the plasma was observed. The
maximum amplitude values of the voltage and current pulses were 9 kV and
11 A, respectively. The oscillatory structure of the pulse, as well as its
difference in the current pulse at the leading and trailing edges of the pump
pulse (voltage), have the same causation in HgBr>:He mixtures.

There were differences in the current pulses for the mixture with N, gas
(Figure 3.5) and for the mixture without it (3.1). In the mixture with
nitrogen, a characteristic pulse appears on the leading front with a larger
amplitude and duration than the mixture without nitrogen.

In addition, in the region t = 400 ns, its amplitude was higher than the
amplitude of the pulse in the mixture without nitrogen, which may be due
to the large charge in the dielectric surface compared to the discharge in the

HgBr;:He mixture.
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Figure 3.5. Oscillograms of the current and voltage pulses at the emitter electrodes
for the mixture HgBr2:N2:He = (0.1:4:120) kPa. The pulse repetition rate was f =6
kHz [54].

3.2.2. Spectrum of plasma radiation

The spectral band with a maximum wavelength of A = 502 nm was
significantly allocated. It had a weakly-resolved vibrational structure and
corresponded to the B2Z",—X?Z" ), electron-vibrational transition of the
exciplex HgBr* molecule [76]. The main part of the radiation intensity was
concentrated in the wavelength range 475-512 nm. The shape of the band
and its width at half-height (15-16 nm) was similar to the bands
corresponding to the B—X transition in mercury monohalides, as reported
in papers in which the creation of a barrier discharge was carried out in
quartz tubes for both large and small-sized radiation sources (Chapter 3.1)
[12, 13, 26-28, 43, 45, 46, 52]. There was the same strong increase in
intensity in the spectrum from the side of the region with large wavelengths

and a slow decline in the region of shorter wavelengths, as in the study of
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the spectra of the mixture of mercury dibromide vapor and helium (Figure

3.2).

3.2.3. The dependency of the average radiation power of
exciplex HgBr* molecules on the partial pressure of nitrogen

Figure 3.6 shows the results of a study on the dependency of the average
radiation power of HgBr* exciplex molecules on the partial pressure of
nitrogen molecules. An increase in the radiation power of HgBr* molecules
was observed with the increase in the partial pressure of nitrogen from 0
kPa to 4 kPa and the value 8.7 mW (the partial pressure of mercury
dibromide vapor was 0.1 kPa). A further increase in the partial pressure of
the nitrogen led to a drop in the radiation power of the exciplex molecule.
A similar dependency of the emission power of the HgBr* molecule on the
nitrogen partial pressure was also observed for a mixture in which the partial
pressure of the mercury dibromide vapor was higher and which was created
by heating the quartz tube of the radiator with an external electric heater.
The maximum emission power of the exciplex molecule HgBr* was 87 mW
for values of the partial pressures of mercury dibromide vapor, nitrogen and

helium of 0.8 kPa, 4 kPa and 120 kPa, respectively.

3.2.4. Pulsed radiation power of exciplex HgBr* molecules

Figure 3.7 shows the pulsed power of exciplex HgBr* molecule
emissions for a radiation source acting on a HgBr>:N»>:He mixture. The
radiation pulse consisted of three peaks.

The amplitude of the first peak of the radiation pulse was larger than
the amplitude of the second, and the first and third radiation maxima
coincided (within the measurement error) with current peak maxima (Figure

3.5). The amplitude of the third radiation pulse was larger than the

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

Optical characteristics of gas-discharge plasma in mixtures of mercury 51
dibromide vapor with atomic and molecular gases

amplitude of the first and second pulses; its width at half-height of the
amplitude exceeded the values for both the first and second peak. These
pulse amplitudes exceeded the amplitudes of discharge pulses in the

HgBr::He mixture (Figure 3.4).

p. kPa

Figure 3.6. The dependency of the radiation power of exciplex HgBr* molecules on
the partial pressure of nitrogen molecules for the mixture HgBr2:N2:He. The partial
pressures of mercury dibromide vapor and helium were p = 0.1 and 120 kPa,

respectively. The pulse repetition rate was f= 6 kHz [54].

3.2.5. Discussion of research results

The appearance of spectral band emissions at a maximum wavelength of A
= 502 nm of the electronic-vibrational transition B2Z*,—X?Z" 1 of
exciplex HgBr* molecules in gas-discharge plasma in a mixture of mercury

dibromide vapor, nitrogen and helium occurred due to processes leading to
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the formation and destruction of B2Z">-state mercury monobromide—this
was the same as with the mixture of mercury dibromide vapor and helium
(Chapter 3.1, reactions 3.1-3.4). In addition, the process of dissociative
excitation of the B2Z " » state occurs with the collision of mercury dibromide
molecules with nitrogen molecules excited to the metastable state (A3Z",)

and the B3I, state [29, 37].

t, ns
0 200 400 600 800

0.1

0.2¢
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Figure 3.7. The pulsed power of the emission of exciplex HgBr* molecules in gas-
discharge plasma in the HgBr2:N2:He mixture. Partial pressures: HgBr2 = 0.1 kPa;
N2=4 kPa; He = 120 kPa [59].

The dependency of the radiation power of exciplex HgBr* molecules
on the partial pressure of nitrogen (Figure 3.6) is primarily due to an
increase in electron concentration with an increase in the partial pressure of
the nitrogen in the mixture and a change in the fraction of the discharge
energy that is spent on heating the working mixture (Figure 4.7, Chapter 4).

In addition, the following is seen: a change in the mean electron energy; a
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constant rate of dissociative excitation of HgBr* molecules by electrons
(figures 4.5, 4.8, Chapter 4); the collision of nitrogen molecules excited to
the metastable states A’Y*, and B’Il, with mercury dibromide; and
quenching of HgBr* by nitrogen molecules and helium atoms [1, 3, 29, 33,
37, 38]. When the partial pressure of nitrogen increases, the value of the
parameter E/N decreases, which leads to an increase in the specific losses
of the discharge power on elastic scattering of electrons by atoms and
molecules [Figure 4.7b, Chapter 4, dependency 1 (heating of the mixture)].
This in turn leads to an increase in the partial pressure of the mercury
dibromide vapor and the radiation power of exciplex HgBr* molecules. An
increase in the electron density, which increases with an increase in the
nitrogen concentration, also contributes to an increase in the radiation power
with an increase in partial nitrogen pressure [3]. The presence of a maximum
and a further decrease in the emission power of the HgBr* (B—X) band
with an increase in partial nitrogen pressure is associated with a decrease in
the fraction of the discharge energy that is spent on excitation of the B’
state (Figure 4.7a, Chapter 4), as well as the process of quenching the
exciplex molecules by the nitrogen molecules [3]. The constant rate of this
process is k = (4.4 £ 0.5) 102 cm’/s [33].

Above a certain value of nitrogen partial pressure, the quenching
process plays an important role, in comparison to the optical channel, in the
destruction of exciplex HgBr* molecules in connection with which the
radiation power decreases.

The first radiation pulse (Figure 3.7) is caused by the process of
dissociative excitation of the B2}, state of the exciplex molecules upon
the collision of electrons with mercury dibromide molecules (process 3.1).
The presence of a second radiation pulse can be caused by both process 3.1

in the interval t = 400 ns, where a peak was observed on the oscillogram of

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

54 Chapter 3

the current pulse; and by an additional excitation channel HgBr (B*X")) in
the collision of electrons with mercury monobromide molecules located in
the X?T', state. The third pump pulse (current) led to the excitation of
HgBr molecules along the main channel (reaction 3.1) to the B*Z",, state
and gave the corresponding amplitude in the third radiation pulse. The pulse
duration at half-height of the amplitude was higher than the value of both
the first and second peak due to the longer duration of the third current pulse.
The excess of the pulse amplitudes in this medium above the pulse
amplitudes for the discharge in the HgBr,:He mixture was caused by an
additional process of dissociative excitation of the B?X'j, state in the
collision of mercury dibromide molecules with nitrogen molecules excited

to the metastable states (A3Z*,) and (B3T1,).

3.3. Optical characteristics of gas-discharge plasma
in mixtures of mercury dibromide vapor, sulfur
hexafluoride and helium

The studies were carried out in a ternary mixture of HgBr»:SFs:He. The
partial pressures of mercury dibromide vapor and helium were 0.1-0.8 kPa
and 117 kPa, respectively. The partial pressure of the sulfur hexafluoride
varied from 0 to 200 Pa. The partial pressure of the helium in the
experiments was the same, at a value considered optimal, as that at which
the maximum radiation power for the double HgBr;:He mixture was

observed (Chapter 3.1).

3.3.1. Oscillograms of voltage and current pulses

Figure 3.8 shows the characteristic oscillograms of the voltage and current
pulses of barrier discharge plasma in HgBr,:SF¢:He mixtures for the ratio

of the partial pressure of the components of the mixture at which maximum
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radiation was observed. The amplitude of the voltage pulses reached 9 kV

and the current was 10 A. The oscillatory structure of the pulse, as well as

the difference in the oscillatory structure of the current pulses at the leading

and trailing edges of the pump pulse (voltage) were for the same reasons in

the mixtures of HgBr>:He and HgBr»:N»:He. There were differences in the

current pulses for the mixture with the presence of a ligase (Figure 3.8) and

without it (3.1). The addition of sulfur hexafluoride to the working mixture

resulted in a redistribution of pulses in the structure of the negative half-

cycle, in favor of one of them, and in the positive half-period, an increase in

the amplitude of the pulses following the first.

10
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400

t, ns

135

=13.5

600 800 1000

Figure 3.8. Oscillograms of the current and voltage pulses at the emitter electrodes

for the mixture: a) HgBr2:SFe:He = 0.1:0.07:117; total mixture pressure P = 117.17

kPa [59].
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3.3.2. Spectrum of plasma radiation

Figure 3.9 shows the characteristic emission spectra of gas-discharge
plasma in the visible spectral range for the mixtures HgBr,:SFs:He and
HgBr;:He. The spectral band of the radiation at a maximum of A = 502 nm,
where maximum radiation intensity was observed, had a weakly-resolved
vibrational structure and corresponded to the B*X*;,—X%Z*» electron-
vibrational transition of mercury monobromide molecules [76]. The main
part of the radiation intensity was concentrated in the wavelength range of
450-512 nm. There was a strong increase in intensity in the spectrum from
the side of the region with large wavelengths and a slow decline in the
region of shorter wavelengths. The shape of the spectral band and its width
at half-height (15—-16 nm) were similar to the spectral bands corresponding
to the B—X transition in mercury monohalides, which are given in [12, 13,
26-28, 43, 45, 46]. In the same figure, the emission spectrum of gas-
discharge plasma for a double HgBr>:He mixture (spectrum 2) is given for
comparison. The partial pressures of the mercury dibromide vapor and
helium were the same as in the mixture of mercury dibromide vapor and

helium (0.1 kPa and 117 kPa, respectively).

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

Optical characteristics of gas-discharge plasma in mixtures of mercury 57
dibromide vapor with atomic and molecular gases

0,8

ILau

0,0 v T - — . )
400 450 500 550
A,nm

Figure 3.9. The radiation spectra of the barrier discharge plasma in the mixture: 1.)
HgBr2:SFe:He = 0.1:0.07:117 kPa; the total pressure of the mixture P = 117.17 kPa.
2.) HgBr2:He = 0.1-117 kPa. The total pressure of the mixture was P = 117.1 kPa.
The repetition rate of the pump pulses was f = 6 kHz; the amplitude was Ua=9 kV
[57].

3.3.3. The dependency of the average radiation power of HgBr*
molecules on the partial pressure of sulfur hexafluoride

In Figure 3.10, the results of investigation into the dependency of the
average radiation power of exciplex HgBr* molecules on the partial
pressure of sulfur hexafluoride are presented. A sharp increase in the
emission power of HgBr* molecules was observed in the range of 7.5-42
mW as the partial pressure of SFs increased from 0 Pa to 70 Pa. A further
increase in the partial pressure of sulfur hexafluoride (p>70 Pa) led to a
relatively smooth fall in the radiation power of the mercury monobromide.
A similar dependency of the radiation power of HgBr* molecules on the

partial pressure of SF¢ gas was observed for a mixture in which the partial
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pressure of the mercury dibromide vapor was higher and which was created
by heating the quartz tube of the radiator with an external electric heater.
The maximum radiation power of mercury monobromide in this experiment
was 0.42 W. The partial pressures of the mercury dibromide vapor, sulfur

hexafluoride and helium were 0.8 kPa, 70 Pa, and 117 kPa, respectively.

3.3.4. Pulsed radiation power of exciplex HgBr* molecules

Figure 3.11 shows the pulsed output power of HgBr* molecules in the

discharge in the mixture HgBr»:SFs:He. The radiation pulses were threefold.

P, mW

0 50 100 150 200
p. kPa

Figure 3.10. The dependency of the radiation power of exciplex HgBr* molecules
acting on the partial pressure of sulfur hexafluoride for the mixture HgBr2:SFs:He.
The partial pressures were: HgBr2 vapor P = 0.1 kPa; helium P = 117 kPa. The
repetition rate was f = 6 kHz; the amplitude of the pulses was Ua=9 kV [57].
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The amplitude of the first radiation pulse was greater than the amplitude
of the second pulse. The time of appearance of the emission maxima
coincided (within the limits of the measurement error) with the maxima of
the current amplitudes (Figure 3.8). The amplitude of the third pulse was
larger in magnitude than the amplitudes of the first and second pulses. In
addition, there was an additional maximum in the third radiation pulse. The
magnitude of the amplitudes of all three pulses exceeded their values for the

mixtures HgBr>:He and HgBr,:N»:He (figures 3.4 and 3.7).

3.3.5. Discussion of research results

The appearance of spectral band emissions at a maximum wavelength
of L = 502 nm of the electronic-vibrational transition B2X*},—X?Zt, of
exciplex HgBr* molecules in gas-discharge plasma in the mixture of mercury

t, ns
0 200 400 600 800

0.5}

1k

P.au.

Figure 3.11. The pulsed power of exciplex HgBr* molecule emission from
gas-discharge plasma in the mixture HgBr,:SF6:He. Partial pressures:

HgBr,=0.1 kPa, SFe= 70 Pa, He=117 kPa [59].
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dibromide vapor, sulfur hexafluoride and helium is due to processes that
lead to the formation and destruction of B?Z*j,-state mercury
monobromide; the same as in the mixture of mercury dibromide vapor and
helium (Chapter 3.1, reactions 3.1 to 3.4). (Under [M], in reaction 3.4,
concentrations of quenching molecules and atoms (HgBr», SF¢, He),
respectively, were implied.)

The dependency of the emission power of the (B—X) band of HgBr*
molecules on the partial pressure of sulfur hexafluoride (Figure 3.10) is
primarily due to the following processes: an increase in the electron
concentration with increasing partial pressure of sulfur hexafluoride in the
mixture; a change in the fraction of the discharge energy that is consumed
by heating the working mixture; changes in the mean electron energy and
the rates of dissociative excitation of exciplex HgBr* by electrons; and the
quenching of exciplex HgBr* molecules by molecules of sulfur
hexafluoride, mercury dibromide and helium atoms [1, 3, 13, 33, 34, 36,
78]. In addition, as the partial pressure of sulfur hexafluoride increased, the
value of the parameter E/N decreased in the mixture, leading to an increase
in the specific losses of the discharge power in the elastic scattering of
electrons by atoms and molecules (heating of the mixture) and, accordingly,
to an increase in the partial pressure of the mercury dibromide vapor and
radiation power of the HgBr* molecules. The presence of a maximum and
a further decrease in the radiation power of HgBr* molecules with an
increase in the partial pressure of sulfur hexafluoride is due to the quenching

of HgBr* by sulfur hexafluoride molecules [3].

HgBr(B2S*,,)+SFs—HgBr(X2E*1,)+SFe+AE (3.7)

where AE is the difference in reaction energy.
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Data on the magnitude of the rate constant of this process are not found
in the literature. In the course of our studies we determined it to be equal to
71-10° cm?®s”! (Chapter 3.4.2). At partial pressures of sulfur hexafluoride
exceeding 70 Pa, the quenching process plays an important role in the
destruction of HgBr* molecules in comparison to the optical channel (3.3)
and in connection with which the radiation power of the band (B—X)
decreases.

A significant increase in radiation power in the discharge in the mercury
dibromide vapor with sulfur hexafluoride and helium mixture, in
comparison to the mixture containing only mercury dibromide vapor and
helium (Figure 3.10 and Figure 3.3a), was caused both by an increase in the
amplitude of the current pulses in the mixture with sulfur hexafluoride
(Figure 3.7), and by the quenching of higher-lying C*I1;, and D?I13, states
of mercury monobromide molecules with a transfer of excitation to the

B2X "), state:

HgBr,+e—HgBry(D)—>HgBr(C2I1, 2, D’T132)+M— (3.9)
HgBI‘(B22+1/2)+M+AE 12

where AE) ; is the difference between the excitation energies of the C2I1y,
D113, and B?X*y,; states of mercury monobromide molecules. In favor of
such a process, the value of the rate constant of the excitation of the sum of
the states of mercury dibromide molecules above the threshold of 7.9 eV (D
state, Figure 1.2). This is an order of magnitude higher than the value of the
excitation constant of the B?XZ', state (Figure 4.12, Chapter 4), and
accordingly, the population of the C2I1;, and D13, states of mercury

monobromide, to which it decays, is an order of magnitude higher than the
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population of the B-state. In the process of quenching, this can lead to a
significant increase in the radiation power of exciplex molecules HgBr*. A
necessary condition in this case is, first of all, a large value of the constant
rate of quenching for the states C?I1;2 and D13, compared to the B’Z"1
state of mercury monobromide. A similar process (quenching of the
overlying state C2I1"}2) with a population transfer to the underlying B?Z "
state was observed previously for the exciplex molecule of mercury mono-
iodide in experiments on the photo-dissociation of mercury di-iodide under
the working conditions given in [84-86].

The first and subsequent radiation pulses (Figure 3.11) arise due to the
same processes that caused the same pulses in the discharge in the HgBr>:He
mixture. The excesses of the pulse amplitudes over the pulse amplitudes for
the discharges in the HgBr>:He mixture were caused by the quenching of
the C?I1;» and D’Il;, states of mercury monobromide by molecules of
sulfur hexafluoride, with a transfer of excitation to the B>X*|, state. The
appearance of an additional maximum to the amplitude in the third peak of
the radiation pulse may be caused by a current of negative ions: HgBr>", Br

, SFy, SFs [1, 3, 84-88].

3.4. Optical characteristics of gas-discharge plasma
in mixtures of mercury dibromide vapor, sulfur
hexafluoride, nitrogen and helium

Research was carried out using a four-component mixture
HgBr,:SF¢:Na:He. The partial pressures of mercury dibromide vapor, sulfur
hexafluoride and helium were 0.1, 0.07 and 117.2 kPa, respectively. The
nitrogen partial pressure varied from 0 to 10.5 kPa. The partial pressures of
the helium and sulfur hexafluoride in the experiments were the same. These

partial pressure values of He and SF¢ allowed for the observation of the

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

Optical characteristics of gas-discharge plasma in mixtures of mercury 63
dibromide vapor with atomic and molecular gases

maximum radiation power for the discharges in the two-component mixture
HgBr::He and the three-component mixture HgBr,:SFs:He (Chapter 3.1,
3.3).

3.4.1. Oscillograms of voltage and current pulses

Figure 3.12 shows the oscillograms of the voltage pulses and current of
the plasma barrier discharge of the radiator for the ratio of the components
of the mixture at which maximum radiation power was reached. The
oscillatory regime of the energy input of the pump source into the plasma
was observed. The maximum amplitude values of the voltage and current
pulses were 9 kV and 9.1 A, respectively. The oscillatory structure of the
pulse, as well as the difference in the oscillatory structure of the current

pulses at the leading and trailing edges of the pump pulse (voltage), have the
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Figure 3.12. Oscillograms of the current and voltage pulses at the emitter electrodes
for the mixture HgBr2:SF¢:N2:He = 0.1:0.07:4:117.2 kPa at a total mixture pressure
of 121.37 kPa and a repetition rate of f= 6 kHz [60].

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

64 Chapter 3

same causation as the mixtures HgBr,:He and HgBr»:N»:He. The distinctive
feature of these oscillograms is the less developed vibrational structure of
the current pulse compared to that with mixtures without nitrogen and sulfur

hexafluoride.

3.4.2. Radiation spectra

In the emission spectra in the visible wavelength range, a spectral band
1015 nm wide with a maximum wavelength of A = 502 nm (Figure 3.13)
was significantly allocated. This has a weakly resolved vibrational structure
and corresponds to the electronic-vibrational transition B*X",—>X?Z", of
the exciplex molecule HgBr* [76]. The main part of the radiation intensity
was concentrated in the spectral range 475-512 nm. There was a strong
increase in the intensity in the spectrum from the side of the region with

large wavelengths and a slow decline in the region of shorter wavelengths.
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Figure 3.13. The radiation spectrum of a barrier discharge in the mixture
HgBr2:SFe:N2:He = 0.1:0.07:4:117.2 kPa at a total mixture pressure of 121.37 kPa
and a pump pulse repetition frequency of f= 6 kHz at a voltage amplitude U.= 9.5
kV [60].
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3.4.3. The dependency of the average radiation power of
exciplex HgBr* molecules on the partial pressure of nitrogen
Figure 3.14 presents the results of studies into the dependency of the
average radiation power of exciplex HgBr* molecules on the partial

nitrogen pressure.

0 2 4 6 8 10 12
p. kPa

Figure 3.14. The dependency of the radiation power of exciplex HgBr* molecules

on the partial pressure of nitrogen for a discharge in the mixture HgBr2:SFe:N2:He
at a partial mercury dibromide vapor pressure of 0.1 kPa, sulfur hexafluoride of 70
Pa, helium of 117.2 kPa; a pulse repetition rate of f = 6 kHz; and an amplitude of the
voltage pulse Ua= 9.5 kV [60].

An increase in the radiation power of the B—X band HgBr* from a
value of 42 mW to a value of 48.8 mW was observed with an increase in
the nitrogen partial pressure in the range 0—4 kPa. A further increase in the
partial pressure of nitrogen leads to a decrease in the radiation power of
mercury monobromide. A similar dependency of the emission power of

HgBr(B—X) molecules on the partial nitrogen pressure was observed for a
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discharge in a mixture in which the partial pressure of the mercury
dibromide vapor was higher.

The maximum radiation power of the B—>X band of HgBr molecules
was 480 mW for values of partial pressure of the mercury dibromide vapor,
sulfur hexafluoride, nitrogen and helium of 0.7 kPa, 70 Pa, 4 kPa and 117.2
kPa, respectively (the partial pressure of the mercury dibromide vapor was

0.7 kPa due to heating of the radiator with an external electric heater).

3.4.4. Pulsed radiation power of exciplex HgBr* molecules

Figure 3.15 shows the pulsed radiation power of exciplex HgBr*
molecules in plasma in the mixture HgBr:SF¢:N»>:He. The radiation pulses
are threefold. Maxima of radiation by the time of occurrence coincide
(within the limits of the measurement error) with the maxima of the current

amplitudes (Figure 3.12).

t, ns
0 200 400 600 . 800

Figure 3.15. The pulsed power of the emission of exciplex HgBr* molecules in gas-
discharge plasma in the mixture HgBr2:SFe:N2:He. Partial pressures: HgBr2 = 0.1
kPa; SFs= 70 Pa; N>= 4 kPa; He = 117.2 kPa [59].
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The amplitude of the third pulse was larger than the amplitudes of the first
and second pulses; an additional maximum amplitude was also observed in

the third pulse.

3.4.5. Discussion of research results

The occurrence of a spectral emission band with a maximum
wavelength of A = 502 nm of the electron-vibrational transition
B2Z*,—>X%2" 1, of HgBr* exciplex molecules with gas discharge plasma in
a four component-mixture of mercury dibromide vapor, sulfur hexafluoride,
nitrogen, and helium is due to processes leading to the formation and
destruction of the B?Z'j, state of mercury monobromide. The main
processes are shown in 3.1-3.4, where M represents the particles that
quench the B2Z*),, state of mercury monobromide (HgBra, Na, SF¢). In
addition, the process of dissociative excitation of the B’Z",; state occurs in
the collision of mercury dibromide molecules with nitrogen molecules
excited in metastable A>Y", and B3I, states.

The character of the dependency of the radiation power of the B—>X
band of exciplex HgBr* molecules on the partial pressure of nitrogen
(Figure 3.14) is primarily due to an increase in the electron concentration
with an increase in the nitrogen partial pressure in the plasma and a change
in the fraction of the discharge energy that is consumed in the heating of the
working mixture. Other factors that have an effect on this dependency
include: changes in the mean electron energy and the rates of dissociative
excitation of exciplex HgBr* molecules by electrons and nitrogen
molecules excited to metastable AX", and B°I, states; an increase in the
population of these states due to population relaxation from higher

vibrational levels upon collision with molecules of sulfur hexafluoride; and
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the process of quenching HgBr* molecules by nitrogen molecules, sulfur
hexafluoride and helium atoms [1, 22-24, 29, 33, 37, 78]. As the partial
pressure of nitrogen increases, the value of the parameter E/N decreases,
which leads to an increase in the specific losses of discharge power in the
elastic scattering of electrons by atoms and molecules (heating of the
mixture). This, in turn, leads to an increase in the partial pressure of the
mercury dibromide vapor and the emission power of HgBr* exciplexes. An
increase in the radiation power with an increase in the partial pressure of
molecular nitrogen is also facilitated by an increase in the electron
concentration, which increases with an increase in the concentration of
nitrogen molecules. The presence of a maximum and further decrease in the
radiation power of HgBr* molecules with increasing partial nitrogen
pressure is associated with a decrease in the fraction of the discharge energy
that is spent on the excitation of the B2Z |, state of HgBr* molecules and
also by the quenching of HgBr* molecules by nitrogen molecules [3]. The
constant rate of this process in a multicomponent mixture is unknown (for
a two-component mixture (HgBr,:He) it is (4.4 £ 0.5)-10"? cm?®/s [33]).
Above a certain value of nitrogen partial pressure, the quenching process
plays an important role, in comparison to the optical channel in the
destruction of exciplex HgBr* molecules, in connection with which the
radiation power decreases.

The increased value of the radiation power of a discharge in a mixture
of mercury dibromide vapor, sulfur hexafluoride, nitrogen and helium, in
comparison to a discharge in a mixture of mercury dibromide vapor, sulfur
hexafluoride and helium (Figure 3.14 and Figure 3.10), is caused by the
quenching of the C?I1;» and D[, states of mercury monobromide by

nitrogen molecules and a transfer of excitation to the B%X"), state:
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HgBry+e—>HgBr, (D)—>HgBr(C?I1/2,D’32)+Nr— (3.9)
HgBr(B2E+1/2)+N2+AE 12

where AE) ; is the difference in excitation energy of the C2I1;,,, D*I13, and
B2Z*, states of mercury monobromide molecules. Such a mechanism is
indicated by the value of the rate constant of excitation of the sum of states
of mercury dibromide molecules above the threshold 7.9 eV (D-state, Figure
1.2, Chapter 1), which is an order of magnitude higher than the value of the
excitation constant of the B2XZ*j, state (Figure 4.15, Chapter 4) and,
accordingly, the population of C2Il;, and DI, states of mercury
monobromide, into which it decays at an order of magnitude higher than the
population of the B-state. During the quenching process, this leads to an
increase in the radiation power of exciplex HgBr* molecules.

The first and subsequent radiation pulses (Figure 3.15) arise with the
same processes that cause the same pulses in the discharge in the HgBr>:He
mixture. The excess of the values of the pulse amplitudes over the pulse
amplitudes in the discharge in the HgBr::He mixture is caused by the
addition of the process of dissociative excitation of the exciplex molecule
HgBr* by nitrogen molecules excited to metastable A’L*, and B3I, states
and the process of quenching the C?[1», and D’II;, states of mercury
monobromide by sulfur hexafluoride and nitrogen with a transfer of
excitation to the B2Z ", state. The appearance of an additional maximum in
the amplitude of the third radiation pulse may be caused by the current of
negative ions: HgBr,", Br, SF¢, SFs™[1, 3, 84-88].

As such, the action of plasma in the HgBr»:SF¢:N>:He mixture in
self-heating mode achieves the highest average radiation power in the blue-

green spectral range equal to 48.8 mW. The pulsed power reached 40.6 W.
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This was determined on the basis of the known average power (Pay),

duration (At) and pulse repetition rate (f) from the expression:
PavA = PpuL'AT'f
The efficiency of the radiation, at the same time, was 7.3 %.

3.5. Optical characteristics of gas-discharge plasma
in mixtures of mercury dibromide vapor, xenon,
krypton and helium

3.5.1. Oscillograms of voltage and current

Investigations were carried out with a barrier discharge in the mixtures
HgBr;:He and HgBr»:Xe:Kr. In the initial stage of the discharge (20-30 s),
the discharge color depended on the component composition of the mixture.
As the mixture warmed up, the color of the discharge became blue-green.
In each half-period of the applied voltage U, (Figure 3.16), a series of sharp
bursts of different amplitudes, and approximately the same duration, were
observed in the current oscillogram. Each current burst was caused by a set
of filamentary microdischarges—filaments that occurred in the discharge
gap and were statistically distributed in time. The bursts in the current
oscillogram reflect the value of the conduction current in the barrier
discharge. With increasing voltage Uy, the active component made an
increasing contribution to the total current. The current peaks did not exceed

52 mA and their duration was in the range 0.2—0.5 ps.
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Figure 3.16. The oscillograms of the voltage pulses (Uo—voltage applied to the

lamp; Ugs—voltage drop at the dielectric surface; Up—voltage drop on the plasma)
and current in a discharge in the mixture HgBr2:Xe:Kr = 300 Pa:8 kPa:92 kPa at
frequency =120 kHz and Uo = 4.5 kV [58].

3.5.2. The emission spectrum of plasma in the mixture
HgBr;:He. Dynamics of spectrum changes in the mixture
HgBr;:Xe:Kr

Figure 3.17 shows the emission spectrum of barrier discharge plasma
for a discharge in the HgBr,:He mixture pumped by a sinusoidal voltage of
120 kHz. In addition to the emission of HgBr (B—X) and mercury spectral
lines, atomic lines of the buffer gas, helium (at A = 589 and A = 706 nm),
were observed, as well as the spectral bands Ny(C3I1,—B?Il,), which
appeared due to the presence of nitrogen in the residual gases (P<10 Pa) [53,
67, 69]. The intensity of the spectral lines of helium decreased considerably
when the working medium was heated.

Figures 3.18-3.20 show the dynamics of the change in the emission

spectrum with a discharge in the mixture HgBr»:Xe:Kr (8 % Xe, 92 % Kr)
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at total atmospheric pressure as a function of the temperature of the mixture.
The discharge was pumped by a sinusoidal voltage at a frequency 120 kHz.
At low temperatures (T ~40 °C), the spectral emission bands of XeBr
excimer molecules, (B—X), XeBr (B—A) and HgBr (B—X), with maxima
at wavelengths of 281, 320, and 502 nm, were observed, together with the

atomic lines of mercury and bands of OH* molecules [2, 53, 89-91].
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Figure 3.17. The surveyed spectrum of plasma emissions in the mixture HgBr2:He
=0.28-101 kPa: 1 - 254 nm Hg; 2 - 281 nm XeBr*; 3 - 306 nm OH*; 4 - 337 nm
N2*; 5 - 357 nm No*; 6-365 nm Hg; 7 - 404 nm Hg; 8 - 436 nm Hg; 9 - 502 nm
HgBr*; 10 - 546 nm Hg; 11 - 578 nm Hg; 12 - 589 nm He; 13 - 706 nm He; frequency
=120 kHz; voltage Uo = 4.5 kV [55, 56, 58].

In the spectra, a system of spectral bands with a maximum wavelength
of A = 502 nm was allocated, the intensity of which increased with
increasing temperature (figures 3.2-3.4). The emission of the HgBr (B—X)

band manifested itself starting at A ~340 nm. In addition, low-intensity

EBSCChost - printed on 2/13/2023 9:25 PMvia . All use subject to https://ww.ebsco.conlterns-of -use



Optical characteristics of gas-discharge plasma in mixtures of mercury 73
dibromide vapor with atomic and molecular gases

spectral bands of HgBr (C—X) molecules in the range AL = 285-295 nm
were observed. At a mixture temperature of ~160 °C, the maximum
intensity of HgBr* emission was observed in the electron-vibrational
transition (B—X). With an increase in the temperature of the mixture to 180
°C, the emission intensity of exciplex molecules, HgBr* and XeBr¥*,

decreased as a result of the increased role of the quenching process:

HgBr, XeBr(B)+HgBr,—products (3.10)

In addition to the emission of HgBr (B—X) and mercury spectral lines,
atomic lines of the helium buffer gas were observed at A = 589 and A = 706
nm; as well as the spectral bands N (C*IT,—B?I1,) and OH* (A = 306 nm),
which appeared due to the presence of nitrogen in the residual gases (P<10

Pa) and adsorbed water on the surface of the electrode.

3.5.3. Discussion of research results

Radiation of spectral bands and lines occur due to the primary

reactions in 3.1-3.4, as well as:

HgBr+Xe(*P2)—HgBr*+Br+Xe (3.11)
Xe*(Xey")+Br,—XeBr*+(Xe)+Br (3.12)
Xe'(Xer', Xes )+Bry+M—XeBr*+Br+(Xe, 2Xe)+M  (3.13)
Xe"+Br+M—XeBr#*+ (3.14)
XeBr¥*—XeBr+hv, A, = 281, 320 nm (3.15)
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Figure 3.18. The surveyed spectrum of plasma emission in the mixture
HgBr2:Xe:Kr, Xe =8 %, Kr=92 %: 1 - 254 nm Hg; 2 - 281 nm XeBr*; 3 - 306 nm
OH*; 4 - 320 nm XeBr*; 5 - 337 nm N2*; 6 - 365 nm Hg; 7 - 404 nm Hg; 8 - 436
nm Hg; 9 - 502 nm HgBr*; 10 - 546 nm Hg; 11 - 578 nm Hg. T = 40 °C; total
pressure 101 kPa; frequency f= 120 kHz; voltage Uo= 4.5 kV [55, 56, 58].
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Figure 3.19. The surveyed spectrum of plasma emission in the mixture

HgBr2:Xe:Kr, Xe =8 %; Kr =92 %; total pressure 101 kPa; 1 - 254 nm Hg; 2 - 281
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nm XeBr*; 3 - 306 nm OH*; 4 - 320 nm XeBr*; 5 - 337 nm N2*; 6 - 365 nm Hg; 7
- 404 nm Hg; 8 - 436 nm Hg; 9 - 502 nm HgBr*; 10 - 546 nm Hg; 11 - 578 nm Hg.
T =160 °C; frequency f= 120 kHz; voltage Uo=4.5 kV [55, 56, 58].
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Figure 3.20. The surveyed spectrum of plasma emission in the mixture
HgBr2:Xe:Kr, Xe =8 %; Kr=9%: 1 - 254 nm Hg; 2 - 281 nm XeBr*; 3 - 306 nm
OH*; 4 - 320 nm XeBr*; 5 - 337 nm No*; 6 - 365 nm Hg; 7 - 404 nm Hg; 8 - 436
nm Hg; 9 - 502 nm HgBr*; 10 - 546 nm Hg; 11 - 578 nm Hg. T = 180 °C; total
pressure 101 kPa; frequency f= 120 kHz; voltage Uo= 4.5 kV [55, 56, 58].

HgBr>+e—>Hg*+2Br (Br,* Br,, Bry)+(e) (3.16)
HgBr,te—>Hg*+Br, +2e (3.17)
HgBry+te—>Hg*+Br'+Br+2e (3.18)
XeBr*+M—XeBr (X22*1,)+M+AE (3.19)

where M is the third particle (HgBr», He, Kr) and AE is the difference of the
reaction energy [2, 3, 26, 30, 41-43, 49].
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The reaction of the xenon atom in the metastable state with molecules
of mercury dibromide (3.11) is an important channel in the formation of
exciplex HgBr* molecules [2, 3, 49]. Excited mercury atoms arise due to
these reactions (3.16-3.18). Exciplex molecules XeBr* at an atmospheric
pressure of the mixture arise both as a result of a “harpoon” reaction (3.12)
and ion-ion recombination (3.13-3.14).

For discharges in this mixture, an average radiation power of 4.6
mW/cm? is achieved (with a discharge volume of 0.35 cm?). The ratio of the
partial pressures of the components, in this case, was as follows:

HgBr:Xe:Kr = 30 Pa:8 kPa:92 kPa.

3.6. Optical characteristics of gas-discharge plasma

in mixtures of mercury dibromide vapor with krypton
and helium

Figure 3.21 shows images of the glow of gas discharge plasma from a
barrier discharge in the mixture HgBr,:Kr:He = 0.1 Pa:10 kPa: 110 kPa. The
amplitude of the voltage pulse applied to the electrodes of the gas discharge
cuvette was 10 kV; the pulse duration was 30 ns; and the repetition
frequency was 10 Hz. The first image was obtained at the time of
appearance of a glow after 11 ns following the initiation of the barrier
discharge; the second was 1.5 ns after the appearance of the discharge glow;
and subsequent images were recorded with a time interval of 4 ns.

At the initial instant of the appearance of discharge radiation in the
inter-electrode gap, a separate bright channel of cylindrical-shape
microdischarge was observed, with bases on the inner metal electrode and
the inner dielectric surface. With the passage of time, the number of
microdischarges increased and against their background a volumetric glow

appeared. At time t = 5.5 ns after the appearance of radiation, the discharge
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Figure 3.21. Images of the glow of gas-discharge plasma in the mixture
HgBr2:Kr:He = 0.1 Pa:10 kPa:110 kPa. The images were taken with the ICCD
camera at a time resolution of 2 ns. Amplitude of the voltage pulse Uo= 10 kV;

duration of the pump pulse At = 30 ns; pulse repetition frequency f= 10 Hz [70].
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represented microdischarges randomly distributed throughout the discharge
volume, which existed against a background of less bright volumetric glow.
Beginning with time t = 9.5 ns, the glow of the discharge was transformed
into separate zones of increased brightness non-homogeneously located in
the inter-electrode space. After passing time t = 29 ns from the time of
appearance of the radiation, a less bright homogeneous glow was observed
in the discharge gap. The color of the discharge was determined by the

buffer gas helium.

3.6.1. Oscillogram of the voltage pulse

Figure 3.22 shows an oscillogram of the voltage pulses in the current
shunt. The pulse was a set of consecutive pulses (falling and reflected from
the impedance loads (gas-discharge plasma and pump generator)). The first
pulse was directed towards the electrodes of the gas-discharge cuvette from
the pump generator; the second pulse was reflected from the load (gas-
discharge plasma). The third peak corresponds to the pulse reflected from
the internal resistance of the generator, etc. up to full attenuation.

The main energy input into the gas-discharge plasma was performed
during the time of the second, fourth, and sixth pump pulses. It was
calculated as the difference between the areas of the incident and reflected

pump pulses:
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Figure 3.22. Oscillogram of the voltage pulses at the current shunt: 1 - pulse of the
pump generator; 2, 4, 6 - pulses reflected from the gas-discharge plasma; 3, 5 - pulse

reflected from the internal resistance of the generator.
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where Ei, Es, E; are the portions of energy deposited into the plasma during
the second, fourth and sixth pump pulses and p is the wave resistance of the

cable. The energy deposited into the plasma was as high as 42 mJ.
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3.6.2. Spectra of plasma radiation in the mixture HgBr,:Kr:He.
The dependency of the radiation spectrum on temperature

The spectral characteristics of gas-discharge plasma in the
HgBr,:Kr:He mixture were studied at temperatures of 45 °C, 55 °C and 65
°C. Depending on the temperature of the mixture, the partial pressure of the
mercury dibromide vapor varied in the range 0.1-1.1 Pa [51]. The partial
pressures of krypton and helium were 10 and 110 kPa, respectively.

Figures 3.23a and 3.23b show regions of the emission spectra of gas-
discharge plasma in the wavelength ranges of 480-515 nm and 200-215 nm
at mixture temperatures of 45 °C, 55 °C and 65 °C. In the wavelength range
480-515 nm, spectral emission bands of the mercury monobromide HgBr*
exciplex — molecule (with  the electron-vibrational  transition
B’ ,—>X?2"12) were observed [21]. In the 200-215 nm range, spectral
emission bands of the exciplex KrBr* molecule were observed, which
correspond to the B2Z"|,—>X2Z" ), electron-vibrational transition [49]. In
the studied spectra, the emission of exciplex molecules HgBr*
(B2Z4,—>X% ), KiBr* (B2ZH,—X%E 1n, Cin-Asp, Dip—Asp); OH*
(A2Z*—X2II) molecules; and Hg atoms (6'Sp—6°P;) was observed. An
increase in the emission intensity of the exciplex molecules HgBr* (Amax. =
502 nm) and KrBr* (Amax. = 207 nm) was observed with a change in the
temperature of the mixture in the temperature range 45-65 °C by a factor of
three and one and a half, respectively. In addition, changes were observed
in the spectral bands of these molecules, namely, the electron-vibrational
structure. Figure 3.24 shows the region of the emission spectrum of the
mixture in the spectral range 200-300 nm, with the spectral band emissions
of the electron-vibrational transitions B?Z*,—>X?Y"1» of the exciplex

molecule HgBr*; the C3»—Ajz, exciplex molecule KrBr*; and A2 —X2I1;
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OH* molecules, as well as the spectral line of the mercury atom transitions
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Figure 3.23. The regions of the plasma emission spectrum in the mixture

HgBr2:Kr:He at T = 45 °C, 55 °C, 65 °C; Kr = 10 kPa; He = 110 kPa in the

wavelength ranges: a - 480-515 nm; b - 200-215 nm. Amplitude of the voltage pulse

Uo= 10 kV; duration of the pump pulse At = 30 ns; pulse repetition rate f= 10 Hz [68].
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Figure 3.24. The regions of the plasma emission spectrum in the HgBr2:Kr:He
mixture: discharge spectra in the HgBr2:Kr/He mi;xture: a - after 1 hour of operation;
b - after 15 hours of operation. The temperature was stabilized by an external heater at
65 °C; partial pressures: Kr = 10 kPa; He = 110 kPa. Amplitude of the voltage pulse
Uo= 10 kV; duration of the pump pulse At = 30 ns; pulse repetition rate f= 10 Hz [68].
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3.6.3. Temporal characteristics of plasma current and radiation
of mercury monobromide and krypton bromine exciplex
molecules

Figures 3.25 and 3.26 present the results of the investigation into the
temporal characteristics of the plasma current and radiation of HgBr* and
KrBr* exciplex molecules. The radiation pulses of HgBr* and KrBr*
exciplex molecules are similar in shape and duration, but they are different
in amplitude.

The radiation power of the exciplex HgBr* molecules exceeded, by
four times, the radiation power of KrBr* exciplex molecules. The duration
of the pulses at half-maximum was 21 ns. The time delay of the radiation
pulse of the exciplex molecule HgBr* relative to the current pulse was 11
ns; for the radiation pulse of the exciplex molecule KrBr* it was 11.5 ns

(Figure 3.26).

3.6.4. Discussion of research results

The delay in the time of recording the emission of the gas-discharge
plasma with respect to the discharge ignition time was caused by the limited
rate of the occurrence of the physicochemical processes that lead to the
creation of the necessary concentration of excited helium and krypton
atoms, and mercury monobromide and krypton bromide molecules [1].

The value of the time delay for the emission of gas-discharge plasma
with respect to the initiation time of a discharge was determined by the sum
of the flow times of all physicochemical processes that lead to the emission

of gas-discharge plasma.
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Figure 3.25. Oscillograms of the current pulse (top) and radiation pulses (bottom) of
the exciplex molecules HgBr* and KrBr* in the mixture HgBr2:Kr:He = 0.1 Pa:10
kPa:110 kPa. Amplitude of the voltage pulse Uo= 10 kV; duration of the pump pulse
At = 30 ns; pulse repetition frequency f= 10 Hz [71].
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Figure 3.26. Oscillograms of the plasma current pulse (1) and radiation pulses of
exciplex molecules HgBr* (2) and KrBr* (3) in the mixture HgBr2:Kr:He = 0.1
Pa:10 kPa:110 kPa. Amplitude of the voltage pulse Uo= 10 kV; duration of the pump
pulse was At = 30 ns; pulse repetition frequency f= 10 Hz [68, 71].

Changes in the time of the number of microdischarges (Figure 3.21)
and their spatial distribution inside the interelectrode gap were caused by
processes of ignition and burning of the barrier discharge, as well as by the
accumulation of a charge on the dielectric surface and its resorption during
the flow of the charging current of the dielectric surface [16, 49].

The presence on the oscillogram (Figure 3.22) of a set of consecutive
pulses was caused by a mismatch between the loads of the impendances of
the gas-discharge plasma and pump generator, leading to the appearance of
reflected waves. Their propagation along a coaxial cable gives characteristic
pulses of voltage drop in the shunt resistance. Such a process operates until
the wave energy in the load is completely absorbed.

The appearance in the spectra of gas-discharge plasma emission of
exciplex molecules HgBr* (B2X"1,-X?Z"1); KiBr* (B2 1-X?2" 12, Ca—
Asp, D3n—Asp); molecules Bro* (*[1o—[121) and OH* (A2Z*—X?I1;); and
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mercury atoms (6'Sy—6°P;) was caused by the following basic plasma-

chemical processes 3.1-3.4, 3.16-3.18, and:

HgBr,+Kr(*P,)—HgBr(B?Z*2)+Br+Kr (3.21)
HgBry+Kr(3P,)—>KrBr(B2Z" 5, Cs12, Dan)+Br+Kr (3.22)
Kr*(Kr,")+Br,—KrBr*+(Kr)+Br (3.23)
Kr*(Kr,", Kr3")+Br, +M—KrBr*+Br+(Kr, 2Kr)+M (3.24)
Kr*+Br+M—KrBr*+M (3.25)
KrBr (B2Z12, Cs12, D32)—KrBr (X?Z*12)+hv (3.26)

Amax. = 207 nm, 222 nm, 228 nm
KrBr(BZZH/z, Cip, D3/2)+M—)KI'BI'(XZZ+]/2)+M+AE1,2,3 (327)

where M is the concentration of quenching molecules and atoms (HgBr»,
He, Kr), respectively; and AE, » 3 is the energy difference in the reactions [3,
26, 30, 41-43, 49].

Reactions (3.1) and (3.2) are the main sources for the formation of
HgBr* molecules [3, 26, 30, 41-43]. In addition, mercury monobromide
molecules are formed by reaction (3.8) due to the excitation of mercury
dibromide molecules by electrons in the D-state. This state of the mercury
dibromide molecules is the sum of all states that lie between 6.4 and 10.6
eV (where E; = 10.6 eV is the ionization energy) with an electron scattering
threshold of 7.9 eV. Emission from the D-states of the HgBr> molecules was
not observed, because these states pre-dissociate to (C, D) states of HgBr
molecules. Emission from the C and D-states of mercury monobromide
molecules under the conditions of our experiment was not observed because
of the high efficiency of the quenching process (atmospheric pressure

discharge). The population of these states was transferred to the B*X"), state
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of mercury monobromide molecules or to other non-optical channels [3,
30].

The collision of krypton atoms in the metastable state 3P, with mercury
dibromide molecules (3.21) offered a possible, but not very effective,
channel for the formation of exciplex HgBr* molecules. [37].

The collision of krypton atoms in the metastable state P with mercury
dibromide molecules (3.22) is the main channel for the formation of KrBr*
exciplex molecules in BZZ* 5, Csp, and Dj); states.

Excited mercury atoms are formed from reactions (3.16-3.18) due to
the large effective cross section for the dissociative excitation of HgBr»
molecules by slow electrons [3, 29, 30]. The exciplex molecules KrBr*
(reactions 3.23-3.24) at atmospheric pressures are formed both through a
“harpoon” reaction and ion-ion recombination reactions [49].

Weak OH* (A2Z*—X2I1, 3.24a) emission can be explained by the
presence of a trace concentration of water molecules desorbed from the
walls of the discharge tube during heating. Emission is caused by the
process of dissociative excitation of water molecules upon collision with
electrons. The relatively strong Bro* (IToe—>°124), 3.24b) emission, which
appears in the late stage of the discharge, is explained by the accumulation
of Br, molecules (for example, in reaction (3.16)) and subsequent excitation
of Br, by electron impact with a transition to the [, state, and the decrease
in the intensities of the spectral bands of the KrBr (C-A) and (D-A)
molecules; the A = 254 nm mercury line is due to the apparent absorption of
their photons by bromine molecules.

An increase in the emission intensity of exciplex HgBr* molecules by
a factor of three and KrBr* by a factor of one and half, with a change in the

temperature of the mixture in the temperature range 45-65 °C was
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associated with an increase in mercury dibromide vapor pressure and,
accordingly, an increase in the concentration of mercury dibromide
molecules, leading to an increase in the concentration of exciplex molecules
of mercury monobromide and krypton bromide (reactions 3.1-3.2,3.21 and
3.22) and, correspondingly, the emission intensities of spectral bands
increased. The difference in the radiation intensities of the HgBr* and
KrBr* molecules was determined by the greater efficiency of processes
(3.1-3.4) compared to processes (3.22, 3.23-3.25) [3, 30, 49].

The transformation of the emission spectrum (Figure 3.23), namely the
change in the electronic-vibrational structure of the spectral bands of
exciplex molecules with an increasing temperature of the gas mixture, was
caused by an increase in the rate of relaxation through collision from the
upper vibrational levels of mercury monobromide molecules and krypton
bromine to the lower ones, followed by a radiative transition to the ground
(X2Z*2) weakly bound state [35].

The closeness of the temporal characteristics of the radiation pulses of
exciplex molecules HgBr* and KrBr*, as well as their total duration, was
primarily due to the fact that these characteristics were determined by the
same formation processes in time. The concentration of electrons and drift
velocities under the influence of both the field and diffusion effects in the
inter-electrode space were also close. At the same time, a difference in the
dependency was caused by different mechanisms in the population of the
upper states. The excitation of exciplex molecule mercury monobromide
B2Z*), states occurs mainly as a result of the process of dissociative
excitation by electrons in collision with mercury dibromide molecules
(reactions 3.1-3.2); and excitation of exciplex molecule krypton bromide
B2Z"), states in the “harpoon” reaction of krypton molecules in the

metastable state (*P,) with mercury dibromide molecules (reaction 3.22).
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Differences in the mechanisms of the formation of excited states of exciplex

molecules HgBr* and KrBr* caused a time delay between radiation pulses.

3.7. The dependency of the radiation power
of gas-discharge plasma on the pump conditions
and the design of the emitter device

The results of investigation into the radiation power of the energy stored
in the dielectric capacitance (7 pF, quartz glass); the repetition rate of the
pump pulses; and the operating time of the mixture are shown in Figure
3.27, 3.28 and 3.29. With an increase in energy from 0.1 mJ/cm?® to 0.8
mJ/cm?, the average radiation power increased (Figure 3.27). The rate of its
growth for each mixture was different, which is associated with unequal
losses of discharge power in elastic and inelastic processes occurring in
plasma of different composition (see Chapter 4). The highest average power
was attained for a discharge in a four-component mixture:
HgBr,:SFe:Na:He. When the pulse repetition frequency was changed from
3 kHz to 9 kHz, a linear increase in the average radiation power was
observed (Figure 3.28). This dependency was caused by a linear increase in
the number of photons entering the photodetector with a linear increase in
the repetition rate of the pump pulses. The increase in the average radiation
power (Figure 3.29) acting on the number of pulses was more intense for
discharges in the mixtures HgBr,:SF¢:N>:He and HgBr,:SFe:He (curves 1,
2), than for a discharge in the HgBr»:N»>:He mixture (curve 3). This
dependency is caused by the unequal rate of increase in the concentration of
mercury dibromide vapor for mixtures of different component
compositions, which in turn depends on the fraction of power that is
deposited in the elastic collisions of plasma electrons with respect to the

inelastic scattering of electrons by plasma components (Chapter 4). For
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discharge in the four-component mixture HgBr:SFs:No:He, the
concentration growth rate of mercury dibromide vapor was the smallest,
which is associated with increased losses of discharge power for inelastic

processes in sulfur hexafluoride and nitrogen molecules.
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Figure 3.27. The dependency of the average radiation power of a barrier discharge
on the specific energy, which is stored on the dielectric capacitance for discharge in

the mixtures: 1 - HgBr2:SFe:N2:He; 2 - HgBr2:SFs:He; 3 - HgBr2:Na:He [59].
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Figure 3.28. The dependency of the average radiation power of the barrier discharge
on the repetition rate of the pump pulses for the mixtures: 1 - HgBr2:SFe:N2:He; 2 -
HgBr2:SFe:He; 3 - HgBr2:Na:He [59].

This led to a slower increase in the temperature of the mixture and,
correspondingly, to a slow increase in the partial pressure of the mercury
dibromide vapor; the concentration of mercury dibromide molecules; and,
ultimately, a slow increase in the radiation power up to 1.5 million pulses.
Starting from this value of the number of pulses, a sharp increase in the rate
of increase in the radiation power was observed, which was caused by the
competition of the dynamics of the growth of the concentration of mercury
dibromide vapor and heat transfer to the walls of the emitter cell (cuvette
with gas discharge plasma). The concentration of mercury dibromide vapor
grew faster with an increase in the number of pulses than the loss of heat
through the dielectric surface (emitter housing). At pulse counts of 1, 1.5
and 3 x 10° (Figure 3.29), an equilibrium in the rates of increase in the

concentration of mercury dibromide molecules and heat loss was achieved,
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which led to saturation in the dependency of the radiation power on the
number of pulses.

The experimental studies were carried out in experimental installations
in which the device (cuvette) was used to produce gas-discharge plasma in
the form of a tube (Figure 2.2, Chapter 2). In the course of the study of the
optical characteristics of gas discharge plasma in mixtures of mercury
dibromide vapor and gases, the possibility of increasing the radiation power
in the blue-green spectral range was established. This consisted in applying
a special heat-insulating element in the design of the emitter device, for
visible and ultraviolet radiation in the cuvette housing. Figure 3.30 shows
the radiation spectrum of a barrier discharge for a discharge in the mixture
HgBry:He = 0.1:117 kPa using a heat insulator in the design of the cell (a)
and without it (b). Measurement of the average radiation power of a barrier
discharge when using a thermal insulator in the radiator design showed an
increase of 40 % for all mixtures. The efficiency increased and reached a

value of ~10 % for the four-component mixture.
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Figure 3.29. The dependency of the average radiation power of a barrier discharge
on the total number of pulses for mixtures: 1 - HgBr2:SFs:N2:He; 2 - HgBr2:SFe:He;
3 - HgBr2:Na:He [59].
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Figure 3.30. The radiation spectrum of a barrier discharge for a discharge in the
mixture HgBr>:He = 0.1:117 kPa: a) using a heat insulator; b) without a heat
insulator. The total pressure of the mixture was P = 117.1 kPa; the repetition rate of

the pump pulses was f= 6 kHz at a voltage amplitude U.= 9 kV [73, 74].

EBSCChost - printed on 2/13/2023 9:25 PMvia . All use subject to https://ww.ebsco.conlterns-of -use



EBSCChost -

94 Chapter 3

3.8. The efficiency of quenching of exciplex HgBr*
molecules

When studying the optical characteristics of the radiation of gas-
discharge plasma in mercury dibromide vapor mixtures with gases (Chapter
3.1-3.4), it was found that with an increase in the partial pressure of the
mercury dibromide vapor, nitrogen and sulfur hexafluoride in the working
mixtures of the HgBr* emitter, the emission intensity of the mercury
monobromide molecules increased, reached a maximum, and then
decreased. These changes in the dependency of the emission intensity of
HgBr* molecules on the partial pressures of mercury dibromide, nitrogen
and sulfur hexafluoride were determined by the kinetics of the processes
that led to the excitation and quenching of the B?Z'), state of these
molecules, as well as by the rate constants of these processes [3, 87, 93].

The aim of our research was to establish the efficiency of the quenching
process of HgBr* exciplex B?Z " ,-state molecules by molecules of mercury
dibromide, nitrogen, and sulfur hexafluoride (HgBr>, N», SFs) in the barrier
discharge plasma of the HgBr* emitter in three-component and four-
component mixtures: HgBr»:SFs:He; HgBr2:N»>:He and HgBr,:SFs:N»:He,
respectively, which are quantitative measures of the values of the quenching

rate constants.

3.8.1. A method for determining the efficiency of the quenching
process of B2X*;,-state exciplex HgBr* molecules

To establish the efficiency of the quenching process of B*X"|-state
exciplex HgBr* molecules by mercury dibromide, nitrogen, and sulfur
hexafluoride, we used a gas-discharge method to measure the rate constant
of the quenching of B2Z*|,-state mercury monobromide molecules by

halogen-containing molecules and nitrogen molecules [3, 36]. We
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considered the gas-discharge method for multicomponent mixtures of the
vapor of mercury dibromide molecules, nitrogen, sulfur hexafluoride and
helium (Chapter 3.1-3.4).

In determining the expression for the radiation intensity of exciplex
molecules of mercury monobromide, based on the processes that lead to the
excitation and quenching of the B2}/, state of mercury monobromide, we

used the kinetic equation for the population of HgBr* B2

d[HgBr*]/dt=kai[HgBr>][Nc]+ka[HgBr:][N2*]+k [HgBr(C,
D)][SF6,N2,HgBr,]-t,! [HgBr*]-kq1[HgBr*][M] (3.28)

where kg1 is the rate constant of the dissociative excitation of HgBr*
molecules by electron impact; kg is the rate constant of the dissociative
excitation of HgBr* molecules upon the collision of mercury dibromide
molecules with nitrogen molecules excited to metastable states A’Z", and
B3Il,; kg is the sum of rate constants of quenching C and D-state molecules
of HgBr; 1, is the radiative lifetime of the B>X"}, state of HgBr* molecules;
kqi is the rate constant of the quenching of the B?Z"), state of HgBr*
molecules; [HgBr*], [HgBr(C, D)], [HgBr2], [N>*], [Ne], [M] are the
concentrations of molecules: HgBr* in the states B>Z" 12, C*I1,52, and D*[13p;
HgBr», No*, electrons and quenching molecules and atoms (HgBr», SFe, N2,
He), respectively.

For the quasi-stationary case, (3.28), the emission intensity is:

IM'hgpes = a(+kri T [M]) (3.29)

where o = (kqihv [HgBr:][Ne]+ka hv [HgBr:][N>*]+kq hv[HgBr*(C, D)]
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[SFe, Na, HgBra])™! (3.30)

The pulsed discharge regime can be considered steady for a mixture of
mercury dibromide vapor with nitrogen, sulfur hexafluoride and helium,
provided that the duration of the exciting pulse exceeds the characteristic
times of the processes that affect the concentration of excited HgBr*
molecules (B?Z*,; state). The following must be greater: the characteristic
time of establishment of the quasi-stationary electron energy distribution
function (EEDF); the time of establishment of the electron concentration;
the radiation lifetime of the B?X*,, state of the molecule HgBr*; and the
quenching time of the same state [1, 3].

The time of establishment of the quasi-stationary electron distribution,
i.e. the time of “tracking” the EEDF in terms of changes in the electric field
strength and concentration of plasma components is approximately equal to
the relaxation time of mean electron energy [94]. The time for the
establishment of the EEDF for working mixtures (HgBr,:N»:He;
HgBr»:SFe:He; HgBr,:SFs:N>:He) was determined by us using the well-
known software program Bolsig+ [73]. They did not exceed 10 ns for the
values of the parameter E/N = 1040 Td (where E is the electric field
strength and N is the total concentration of the working mixture), in the
range of which the HgBr* emitter operates.

The quenching time (tq1) of B*X*jp-state HgBr* molecules by
mercury dibromide, nitrogen, and sulfur hexafluoride was estimated using

the expression:

Ta1 & (kgt [M])'! (331
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To estimate the quenching time of the B2Z " »-state HgBr* molecule by
mercury dibromide, nitrogen and sulfur hexafluoride, we used data on the
quenching rate constants kq; and the concentration of mercury dibromide
vapor, nitrogen and sulfur hexafluoride [33-36, 96]. The estimate tq gives
a value of no more than 50 ns.

The radiative lifetime of the B?X*,-state HgBr* molecule has the
value: 23.2 ns [97].

We now clarify the conditions under which the coefficient a (see (9))
does not change with the increasing concentration of quenching molecules.
In the case of an increase in the concentration of mercury dibromide
molecules in plasma based on mixtures with nitrogen, sulfur hexafluoride
and helium, when the partial pressures of nitrogen and sulfur hexafluoride
are constant, the increase is compensated by a decrease in the electron
concentration N due to the process of dissociative attachment (3.2). (The
rate constant of this process is approximately 10'° cm®/s at low (up to 10
eV) mean electron energies in the discharge [13].) However, with an
increase in the concentration of mercury dibromide, an increase in the
electron concentration during the ionization of mercury dibromide
molecules by electrons is also possible; but this process contributes
insignificantly, since its efficiency is low at low mean electron energy
values, which are characteristic for the barrier discharge applicable for
excitation of B2X*j,-state exciplex HgBr* molecules in the working
mixtures of the HgBr* emitter [3, 32]. The rate constant of the dissociation
of HgBr, molecules by electron impact kg1 can remain constant if the
electron distribution function does not change. To do this experimentally, a
constant field strength E was applied to the electrodes of the radiator during
the pump pulse. As for the total concentration N, this is mainly set by the

buffer gas helium. It was N>10'" cm, which was higher by two orders of
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magnitude than the mercury dibromide vapor concentration. In light of this,
it can be assumed that the distribution function of plasma electrons varies
insignificantly. The numerical calculation of the electron distribution
function, as well as the rate constants of the dissociation of HgBr, molecules
by electron impact, performed for the working mixtures of the HgBr*
emitter, confirm these assumptions [54, 57, 60]. The rate constant of the
dissociative excitation of HgBr* molecules by nitrogen molecules excited
to metastable A3X", and B, states in collisions with mercury dibromide
molecules remains constant, with an insignificant change in the electron
distribution function [37]. The quenching rate constants (ky) of HgBr*
molecule C and D-states by sulfur hexafluoride are not known. Estimation
of their value gives a value higher than the value of the quenching rate
constant of B2Z*p-state exciplex HgBr* molecules [3].

The coefficient o does not change either with an insignificant (<10 %)
increase in the concentration of quenching nitrogen or hexafluoride
molecules, since the electron distribution function changes insignificantly
with a decrease in the E/N parameter by <10 % [54, 57, 60].

To provide constancy in the quantities of the coefficient a (9) in gas-
discharge plasma, with an increase in the partial pressures of quenching
molecules, the concentrations of which are insignificant in comparison to
the total concentration of the working mixture of the HgBr* radiator,
expression (3.29) coincides with the well-known Stern-Volmer method for

quenching the luminescence of molecules [93].

3.8.2. The results of studies into the quenching efficiency
of B2L*>-state exciplex HgBr* molecules

From the experimental data it follows that the pump pulse durations of

the working mixtures (400 ns and 50 ns—voltage and current, respectively)
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exceed the characteristic times of the processes affecting the population of
the B2X"), state of mercury monobromide molecules. It is known that the
helium buffer gas “weakly” quenches HgBr* molecules (quenching rate
constant <107 cm?®/s) [98, 99]. This allows for measurement of the
characteristics of the HgBr* emitter at atmospheric pressures of the buffer
gas and small partial pressures of mercury dibromide, nitrogen, and sulfur
hexafluoride (<10 %). In addition, experimental conditions were provided
for which the value of the parameter E/N remained practically unchanged
(the amplitude of the voltage pulse applied to the electrodes did not change
during its duration, but there was no more than a 10 % increase in the
concentration of mercury dibromide, sulfur hexafluoride or nitrogen in
comparison to the concentration of the buffer gas helium).

To determine the quenching efficiency of the B>X")) state of mercury
monobromide molecules in the HgBr* emitter gas discharge plasma, results
were obtained on the dependency of the radiation power of mercury
monobromide molecules on the partial pressures of nitrogen molecules and
sulfur hexafluoride in the discharge in the mixtures: HgBr::Nj:He;
HgBr,:SFe:He; and HgBr,:SFs:N,:He (figures 3.6, 3.10, 3.14). For the
partial pressure of mercury dibromide molecules we used the experimental
data shown in Figure 3.31. Figure 3.32 shows the dependency of the inverse
radiation intensity of exciplex HgBr* molecules on the concentration of
nitrogen molecules, sulfur hexafluoride and mercury dibromide for
discharge in the three-component mixtures HgBr,:SFs:He; HgBr»:N,:He;
and HgBr»:SF¢:N»:He. For inverse values of radiation intensity, a change in
the angle of inclination to the abscissa axis is characteristic, depending on
the component composition of the mixture and the concentration of
molecules that quench the B*X")), state of mercury monobromide exciplex

molecules.
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Figure 3.31. The dependency of the emission intensity of the spectral band A = 502
nm of exciplex HgBr* molecules on the partial pressure of dibromide vapors in the
mixtures: 1 - HgBr2:N2:He, with partial pressures of nitrogen 4 kPa and helium 120
kPa; 2 - HgBr2:SFe:He, with partial pressures of sulfur hexafluoride 70 Pa and
helium 117 kPa; 3 - HgBr2:SFe:N2:He, partial pressures of sulfur hexafluoride 70
Pa, nitrogen 4 kPa, helium 117.2 kPa. Repetition rate f = 6 kHz; amplitude of the
voltage pulse U.= 9.5 kV [59].

The value of the product akrithgs+ was determined from the value of the
tangent angle slope of these graphs. In turn, the coefficient o was
determined at the point of intersection of these dependencies with the
ordinate axis upon its continuation.

The results of determining the quenching efficiency of the B*X"
state of exciplex HgBr* molecules are presented in Table 3.1. As can be

seen from the table data, the efficiency of the quenching process of the
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exciplex mercury monobromide molecules by molecules of mercury
dibromide, nitrogen and sulfur hexafluoride depends on the composition of
the mixture. The four-component mixture (HgBr:SFs:N,:He) was
characterized by a lower value of the rate constant for quenching by mercury
dibromide molecules than for three-component mixtures of mercury
monobromide molecules by nitrogen molecules (reactions 4 and 5, Table
1). In a four-component mixture, the rate constant of the quenching of
exciplex mercury monobromide molecules by nitrogen molecules was less
important than for the three-component mixture. The highest quenching
efficiency of exciplex mercury monobromide molecules can be observed
when they are quenched by sulfur hexafluoride molecules (reaction 6, Table
1). The quenching rate constant of this process reached (71.07 + 14.2)-10-1°

cm?-s7!. The regularity of the decrease in the quenching efficiency of exciplex

Table 3.1. Parameters of quenching reactions

Ne Quenching Mixture kgx10', cm?-s™!
reactions
1 HgBr* + HgBr; HgBr,:SFs:N>:He 0,22 +£0,04
2 HgBr* + HgBr; HgBr,:SFe:He 0,24 + 0,05
3 HgBr* + HgBr; HgBr»:N>:He 0,29 + 0,06
4 HgBr* + N, HgBr,:SF¢:Na:He 0,04 £ 0,01
5 HgBr* + N, HgBr2:N»:He 0,55+0,11
6 HgBr* + SFs HgBr,:SF¢:He 71,1 +14,2
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mercury monobromide molecules by mercury dibromide was caused by
processes that additionally populate the B2X'j, state of mercury
monobromide molecules [37]. See Table 1 for the quenching of
HgBr,:SFe:He and HgBr»:N,:He (reactions 1, 2 and 3 in Table 1). The same
regularity was observed for the quenching efficiency of exciplex overlying
energy states (C and D) by sulfur hexafluoride molecules with transfer of
the population to the B2Z"; state, which is more efficient than the process
of populating this state of exciplex mercury monobromide molecules, as a
result of collisions of metastable nitrogen molecules (state AX",) with
mercury dibromide molecules. Therefore, its rate constant (see Table 1,
reaction 2) was less important than reaction 3 (Table 1). The regularity in
the quenching efficiency in reactions 5 and 6 (Table 1) was related to the
difference in the molecular masses of the molecules of sulfur hexafluoride
and nitrogen; for molecules with a molecular weight closer to the molecular
weight of mercury monobromide, the quenching efficiency was higher [93].

The same regularity for the rate constants of quenching the B2Z*), state
of exciplex mercury monobromide molecules was observed in the work of
the authors in [33, 80] for plasma in other mixtures of mercury dihalide
vapor and helium. The quenching process 4 (Table 1) was less effective,
which is connected to the processes for populating the B?Z'j, state of
exciplex mercury monobromide molecules, as well as the lower molecular
weight of nitrogen molecules compared to molecules of mercury dibromide

and sulfur hexafluoride.
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Figure 3.32. The dependency of the inverse intensity of the emission of spectral band
A =502 nm of HgBr* molecules on the concentration of molecules: a) nitrogen for
the mixture HgBr2:SFe:N2:He (1) and HgBr2:N2:He (2); b) sulfur hexafluoride for
the mixture HgBr2:SFe:He; ¢) mercury dibromide for the mixture HgBr2:SFe:N2:He
(1) and for the mixture HgBr2:SFe:He (2); d) mercury dibromide for the mixture
HgBr2:N2:He [59].

3.9. Optical characteristics of gas-discharge plasma
in a mixture of mercury dibromide vapor with argon

This section presents our research into the optical characteristics of gas-
discharge plasma in a mixture of mercury dibromide vapor with a buffer gas

“heavier” than helium, namely argon. The need for such research is due to
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the fact that argon has a lower penetrative power through the walls of the
emitter and can thus provide a longer lamp life.

The partial vapor pressure of mercury dibromide in the experiments was
kept constant at 0.6 kPa. This was chosen as optimal for the maximum
radiation intensity observed in our experiments to study the optical
characteristics of gas-discharge plasma in the HgBr,:He mixture (Fig. 3.3b).
The argon pressure was varied in the range 106123 kPa.

Immediately after the initiation of the barrier discharge, the filamentous
mode of BR burning was observed, with a set of microdischarges between
the metal electrode and the inner surface of the quartz tube (4, Fig. 2.4) of
the radiator. The color of the discharge in the initial stage (the first 30 s) was
determined by the argon buffer gas. In the subsequent time period, the
discharge glowed blue-green. In this case, a mainly diffuse and uniform
discharge pattern was observed.

In the spectra obtained in the visible range, the spectral band with a
maximum wavelength of L = 502 nm was seen, which has a weakly resolved
vibrational structure and corresponds to the B?Z*,—>X?T*» electron-
vibrational transition of the HgBr* exciplex molecule [21]. The main part
of the intensity of the radiation of the spectral band was concentrated in the
wavelength range 512—475 nm. The band shape and its width at half-height
(15-16 nm) was similar to the bands corresponding to the B—X transition
of mercury monobromide shown in previous research in which a barrier
discharge was created in mixtures of mercury dibromide vapor, helium and
other gases using large-sized quartz tubes and small-sized radiation sources.
A sharp increase in the intensity of the radiation in the spectrum was
observed from the side of the region with long wavelengths and its slow

decrease in the region of smaller wavelengths.
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3.9.1. The dependency of the average radiation power of
exciplex HgBr* molecules on the partial pressure of argon

Figure 3.33 presents the results of research into the dependency of
the radiation power of exciplex HgBr* molecules on the partial pressure of
argon. In addition, Fig. 3.33 shows the dependency of the radiation power
of HgBr* on the partial pressure of helium, which was determined in order
to compare the results of the emission of mercury monobromide molecules
for two different gases. An increase in the radiation power of the HgBr*
exciplex molecule was observed with an increase in the partial pressures of
both argon and helium, from 106.5 kPa to 114.4 and 122.2 kPa for argon
and helium, respectively. A further increase in the partial pressures of both
argon and helium led to a decrease in radiation power. In addition, there was
a shift in the maximum radiation power to a region of lower pressure in the
mixture with argon and a larger value (~1.3 times) compared to the mixture
with helium. The efficiency of the radiation source was ~4 %. The

measurement error of the radiation power did not exceed 5 %.
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Figure 3.33. The dependency of the radiation power of the exciplex molecule HgBr*

(A =502 nm) on the partial pressure of the buffer gas for the mixtures: 1 - HgBr2:Ar;

2 - HgBra:He. Saturated vapor pressure of HgBr» was equal to 0.6 kPa. The

amplitude of the voltage pulse was 2,500 V. The repetition rate of the pump pulses

was = 6,000 Hz.

3.9.2. Current waveform oscillogram

Figure 3.34 presents an oscillogram for a pulsed discharge current pulse
for the ratio of the components of the mixture at which maximum radiation
power was reached. The oscillatory structure of the current pulse is caused
by multiple discharges of the dielectric capacitance during a voltage pulse
with an amplitude sufficient to break the discharge gap. The difference in
the oscillatory structure of current pulses is due to the opposite directions of

current flow through the gas-discharge gap and, as a result, different charge
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dissipation conditions on the inner dielectric surface with one barrier
discharge, as in our experiment. The maximum value of the amplitude of
the current pulse was 8.6 A. The duration of the leading edge was 10 ns, and

the half-height duration was 50 ns (measurement error was 10 %).

10+

00 0.2 04 0,6 08 1.0
t, us
Figure 3.34. Oscillogram of the current pulse in the mixture of HgBr2:Ar=0.6:114.4

kPa. The amplitude of the voltage pulse was 2,500 V. The repetition rate of the pump
pulses was f= 6,000 Hz.

3.9.3. Discussion of research results

The appearance of spectral band emissions with a maximum
wavelength of A = 502 nm of the electron-vibrational transition
B2 1,—>X?2" 1 of the exciplex HgBr* molecule in gas-discharge plasma
in a mixture of mercury dibromide vapor with argon occurs due to processes
leading to to the formation and destruction of the B?Z",; state of mercury

monobromide; the main processes are given in [36, 42, 43]:
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(3.28) Br+e
HgBr;+e—>HgBr*+
~
(3.29) Br

(3.30) HgBr*—HgBr+hv

(3.31) HgBr*+M—HgBr+M+AE

The cross-sections of the processes (3.28) and (3.29) are 7.5-102! m?
and 1-102' m? for electron energies of 9.0 eV and 3.0 eV, respectively [3,

41].
The kinetic equation for population of the B2X"), states of HgBr* is:

d[HgBr *]
dt = kp [HgBra][Ne]-t ' [HgBr*]-ko [HgBr*][M]
(3.32)

where kp is the rate constant of the dissociation of HgBr, molecules by
electron impact; T, is the radiation lifetime of the B2, state of HgBr*; ko-
quenching is the rate constant of the B*X*j, state of HgBr*; [HgBr*],
[HgBr:], [Ne], and [M] are the concentrations of HgBr*, HgBr», electrons

and quenching molecules and atoms (HgBr», Ar), respectively.
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For the quasi-stationary case in equation (5), the emission intensity is:

-1
Liggne a(1+ko T [M]) (3.33)

where o = (kp hv [HgBr,][Nc])™!

The rate constants of the processes leading to the formation and
destruction of HgBr* molecules for the reduced electric field (E/N) =20 Td,

as well as the lifetime of the HgBr* state, are presented in Table 3.2.

The sharp increase in intensity from the part of the spectrum with long
wavelengths and its slow decrease in the short-wavelength region (Fig. 2)
can be explained by the course of potential curves (excited B2Z*y,, state
shifts towards large internuclear distances relative to the X?Z*,, state) and
processes of relaxation of the population of the upper vibrational levels of
the excited electronic state, which occur faster than the electronic-

vibrational transition to the ground X?X*), state [3, 24].
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Table 3.2. The rate constants of the processes leading to the formation
and destruction of HgBr* molecules for the reduced electric field (E/N)
=20 Td, as well as the lifetime of the B2X*;,» state of HgBr*.

Rate constant
of the process.
Process Source
Lifetime
B?X")o-state
HgBr*
HgBry+e—>HgBr*+Br+e 8.1-10" m’/s | E/N=20Td,
calculation
HgBry+e—>HgBr*+Br 1.6-10 " m’/s | E/N=20Td,
calculation
HgBr*—HgBr+hv 23.7ns [97]
HgBr*+Ar—HgBr+Ar+AE 7.2 102 m¥/s [34]
HgBr*+HgBr,—>HgBr+HgBr+AE | 2.7-10"°m’/s [36]

The dependency of the radiation power of the exciplex molecule HgBr*
on the argon partial pressure (Fig. 3.33) is primarily caused by the following
processes: an increase in the electron concentration with an increase in the
argon partial pressure in the mixture; a change in the fraction of the
discharge energy that is spent on heating the working mixture; a change in

mean electron energy and the rate constant of the excitation of mercury
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monobromide, depending on the values of the parameter E/N; and the
quenching process of the B>X", state of HgBr* molecules in collisions with
argon atoms [ 1, 34]. With an increase in the partial pressure of argon in the
mixture, the value of the parameter E/N decreases. This leads to an increase
in the fraction of the discharge power going to the elastic scattering of
electrons in argon atoms and mercury dibromide molecules, which leads to
heating of the mixture and, accordingly, to an increase in the partial pressure
of the mercury dibromide vapor and the emission intensity of exciplex
HgBr* molecules. In addition, an increase in the electron concentration,
which increases with an increase in the concentration of the components of
the working mixture, also contributes to an increase in the brightness of the
radiation with an increase in the partial pressure of argon [1]. The presence
of a maximum and a further decrease in the emission brightness of the
exciplex HgBr* molecules with an increase in the partial pressure of argon
are caused by the quenching of this state of mercury monobromide

molecules when they collide with argon atoms [34].

HgBr¥*+Ar—HgBr+Ar+AE (3.34)

where AE is the energy difference in the reaction.

Above a certain value of the partial pressure of argon, the quenching
process (3.34) plays a significant role in connection with which the radiation

power decreases.
The rate constant of this process is 7.2-1072° m*/s [34].

An increase in the radiation power in the discharge of the mercury
dibromide vapor with argon mixture, compared to a mixture of mercury

dibromide vapor and helium (Fig. 3.33), is caused by the process of
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quenching the overlying C?I1;; and D*[1,, states of mercury monobromide

molecules with excitation transfer to the BZZ "), state:

HgBry+e—>HgBry(D)—>HgBr(C1,,
D2H3/2)+M—>HgBI‘(B22+1/2)+M+AE1,2 (3.35)

where AE;, is the difference between the excitation energies of C2I1y;,
D2I15, and B2Z"); states of mercury monobromide molecules. This process
is indicated by the value of the excitation rate constant of the sum of the
states of mercury dibromide molecules above the threshold of 7.9 ¢V, which
is an order of magnitude higher than the excitation rate constant of the
B?Z"); state (Fig. 4.28, Section 4); accordingly, the population of CI1,,
and D[15; states of mercury monobromide, into which it decomposes, is an
order of magnitude higher than the population of the B-state. In the process
of quenching, this can lead to a significant increase in the radiation power of
the exciplex HgBr*molecules. A necessary condition in this case should first
of all be a larger value of the rate constant for quenching with argon compared
to that with helium on the C?I1;, and D13, states of mercury monobromide.
A similar process (the process of quenching of the overlying C?I1,, state) with
the transfer of the population to the lower lying B*Z%; state has previously

been observed for the exciplex mercury mono-iodide molecule [84—86].

3.10. Optical characteristics of gas-discharge plasma

in a mixture of mercury dibromide vapor with neon
This section presents our research into the optical characteristics of
gas-discharge plasma in a mixture of mercury dibromide vapor with a buffer
gas “heavier” than helium: neon. The need for such research was due to the
fact that neon has less penetrative power through the walls of the emitter

and thus can provide a longer lamp life. In addition, in studies of the optical
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characteristics of gas-discharge plasma in a mixture of mercury dibromide

vapor with gases, which is the working medium of exciplex lamps, the

design of the emitters was coaxial and, as a rule, the side surface was the

radiating zone. For a number of scientific and technological applications, it

is necessary to achieve high radiation density, which is provided by another

type of lamp design [16], and this was the purpose of our research.

3.10.1. The design of the radiator

Gas-discharge plasma in mixtures of mercury dibromide vapor and

neon was created using a barrier discharge (BR) in the radiator (I), which

was made of a quartz tube (2, Fig.3.35) with a diameter of 34 mm and a

length of 200 mm. Two tungsten electrodes (4) with a diameter of 5 mm

were located along the axis of the gas-discharge radiator at a distance of 15

mm. One of the electrodes was placed in a quartz tube (3) with a diameter

of 9 mm. To reduce the release of mercury dibromide vapor from the gas-

discharge cuvette in the VPGFS, a nozzle (6) was welded to the gas-

discharge cuvette, with a capillary of 0.5 mm diameter in the middle.

."r".*'.-".-‘.-".-".-".-".-";’-'.-"fi"r‘r'a"r'ffr'.-"
= :
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Figure 3.35. Radiator design: 1 - high-voltage input; 2 - quartz tube with a

diameter of 34 mm; 3 - quartz tube with a diameter of 9 mm; 4 - electrodes; 5 -

working volume; 6 - nozzle with a capillary.
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3.10.2. Plasma emission spectrum

The partial vapor pressure of mercury dibromide in the experiments
was kept constant at 0.8 kPa. This was chosen as the optimal value at which
the maximum intensity of radiation was observable in our experiments into
the optical characteristics of a discharge plasma in the HgBr,:He mixture
[52]. The pressure of neon varied in the range of 10-120 kPa.

Immediately after the initiation of the barrier discharge, the
filamentous mode of burning of the BR was observed, a set of cone-shaped
microdischarges with the tip on the metal electrode and the base on the inner
surface of the quartz tube (3) of the radiator occurred. The red color of the
discharge in the initial stage (first 30 s) was determined by the neon buffer
gas. Subsequently, the discharge glowed blue-green. In this case, a mainly
diffuse and uniform discharge pattern was observed; the number of
filaments sharply decreased, and did not exceed three in number.

In the spectra obtained in the visible range, a spectral band with a
maximum at a wavelength of A = 502 nm (Fig. 3.36) was distinguishable,
which has a weakly resolved vibrational structure and corresponds to the
B’Z"1,—>X?2*1»  electronic-vibrational transition of exciplex HgBr*
molecules [24]. The main part of the intensity of the radiation of the spectral
band was concentrated in the wavelength range 512-475 nm. The band
shape and its width at half-height (15-16 nm) was similar to the bands
corresponding to the B—>X transition of mercury monobromide, as shown
in previous research in which the creation of a barrier discharge in mixtures
of mercury dibromide vapor, helium and other gases was carried out using
large-sized quartz tubes and small-sized radiation sources. A sharp increase

in the intensity of the radiation in the spectrum was observed from the side
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of the region with long wavelengths and its slow decrease in the region of

smaller wavelengths.

1.0+

@ 0.5+

400 450 500 550
A, im
Figure 3.36. The emission spectrum of the barrier discharge for the mixture
HgBr2:Ne = 0.8:100 kPa. The total pressure of the mixture was P = 100.8 kPa. The
pump pulse repetition rate was f =1 kHz; the voltage pulse amplitude was U.= 30

kV.

3.10.3. The dependency of the emission brightness of exciplex
HgBr* molecules on neon partial pressure

Figure 3.37 presents the results of research into the dependency of the
emission brightness of the exciplex HgBr* molecule on the partial pressure
of neon. Fig. 3.37 shows the dependency of the brightness of HgBr*
radiation on the partial pressure of helium. This was determined in order to
compare the results of mercury monobromide emissions for two different
gases. An increase in the emission brightness of the HgBr* exciplex

molecule was observed with an increase in the partial pressures of both neon
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and helium from 10 kPa to 117-120 kPa. A further increase in the partial
pressures of both neon and helium led to a decrease in the emission
brightness. In addition, there was a shift in the emission brightness
maximum to the region of low pressure in a mixture with neon, as well as a
smaller value (by ~10%) compared to a mixture with helium. The average
radiation power using helium as a buffer gas was 170 mW (discharge
burning volume 14 cm?) with an efficiency of 1.1 %. In a mixture of
mercury dibromide vapor with neon, the average radiation power of the

exciplex HgBr* molecule did not exceed 153 mW and an efficiency <1 %.
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Figure 3.37. The dependency of the emission brightness of the exciplex HgBr*
molecule (A = 502 nm) on the partial pressure of the buffer gas for the mixture: 1 -
HgBr2:Ne; 2 - HgBr2:He. Saturated vapor pressure of HgBr2 = 0.8 kPa. Pump pulse
repetition rate f= 1,000 Hz.
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3.10.4. Current pulse waveform

Figure 3.38 presents oscillograms for the current pulses of a barrier
discharge and radiation for the ratio of the components of the mixture at
which the maximum brightness of radiation was reached. An oscillatory
mode was observed for the energy input of the pump source into the plasma.
The maximum value of the amplitude of the current pulse was 300 A. The
current pulses were twofold and of different polarity; the delay between
them in our experimental conditions was 150 ns. The leading edge was 10
ns and the duration was 50 ns. The radiation pulses were also twofold with
a time shift relative to each other of 150 ns. Their amplitudes were different
in magnitude, with the amplitude of the second pulse exceeding the
magnitude of the first. An increase in the neon partial pressure in the range

of 10100 kPa led to an increase in the amplitude of both pulses.
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Figure 3.38. Oscillograms of current (a) and radiation (b) pulses of HgBr* molecules
(A =502 nm) in the mixture HgBr2:Ne = 0.8:100 kPa. Pump pulse repetition rate f
=1 kHz.
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3.10.5. Discussion of research results

The appearance of spectral band emissions with a maximum
wavelength of A = 502 nm of the electron-vibrational transition
B2Z*,—>X%2"» of the exciplex HgBr* molecule in gas-discharge plasma
in a mixture of mercury dibromide vapor with neon occurs due to processes
leading to the formation and destruction of the B*Z",, state of mercury

monobromide. The main processes are given in [36, 42, 43]:

(3.36) Br+e
HgBr,+e—>HgBr*+
~
(3.37) Br
(3.38) HgBr*—HgBr+hv
(3.39) HgBr*+M—HgBr+M+AE

The kinetic equation for the population of the BZX*, states of HgBr* is:

d [HgBr *]
dt  =kp[HeBr][Ne]-t" [HeBr#]-ko [HeBr*][M]  (3.40)

where kp is the rate constant for the dissociation of HgBr, molecules by
electron impact; 7, is the radiation lifetime of the B2Z ", state of HgBr *; kq
is the quenching rate constant of the B?Z*), state of HgBr*; [HgBr*],
[HgBr:], [Ne], and [M] are the concentrations of HgBr*, HgBr», electrons

and quenching molecules and atoms (HgBr», Ne), respectively.
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For the quasi-stationary case in equation (5), the emission intensity is:

-1
Liggne a(1+ko T [M]) (3.41)

where o = (kp hv [HgBr,][Nc])™!

The sharp increase in intensity from the part of the spectrum with long
wavelengths and its slow decrease in the short-wavelength region (Fig. 2)
can be explained by the progress of potential curves (the excited B?Z "
state shifts towards large internuclear distances relative to the X>X*), state)
and processes of relaxation of the population of the upper vibrational levels
of the excited electronic state, which occur faster than the electronic-
vibrational transition to the ground X*X* ), state [3, 22, 24].

The dependency of the brightness of the HgBr* exciplex molecule on
the partial pressure of neon (Fig. 3.37) was caused primarily by the
following processes: an increase in the electron concentration with an
increase in the partial pressure of neon in the mixture; a change in the
fraction of the discharge energy that is spent on heating the working
mixture; a change in mean electron energy and the rate constant of the
excitation of mercury monobromide depending on the values of the
parameter E/N; and the quenching process of the B>X", state of the HgBr*
molecule in collisions with neon atoms [ 1, 3]. With an increase in the partial
pressure of neon in the mixture, the value of the parameter E/N decreases.
This leads to an increase in the specific discharge power losses in the elastic
scattering of electrons on neon atoms and mercury dibromide molecules,
leading to heating of the mixture and, accordingly, to an increase in the
partial pressure of the mercury dibromide vapor and the radiation intensity

of exciplex HgBr* molecules. In addition, an increase in the electron

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

120 Chapter 3

concentration, which increases with an increase in the concentration of the
components of the working mixture, also contributes to an increase in the
brightness of the radiation with an increase in the partial pressure of neon
[1]. The presence of a maximum and then a decrease in the emission
brightness of the exciplex HgBr* molecules with an increase in the neon
partial pressure was caused by the process of quenching this state of

mercury monobromide molecules through collision with neon atoms [3].

HgBr*+Ne—HgBr+Ne+AE (3.42)

where AE is the energy difference in the reaction.

Above a certain value of the partial pressure of neon, the quenching
process (3.42) plays a large role in connection with which the radiation
brightness decreases. The rate constant of this was <3.4-10-'* cm?/s [34].

The oscillatory structure of the current pulse (Fig. 3.38a) was caused
by the charging and discharging of the dielectric capacitance during a
voltage pulse with an amplitude sufficient to break the discharge gap [75].
The difference in the form of current pulses at the front and trailing edge
was associated with opposite directions of current flow through the gas-
discharge gap (14 mm). As a result, unequal charge resorption conditions
appeared on the inner dielectric surface under the conditions of the barrier
discharge used in our experiment.

The regularity of the difference in the amplitudes of the first and second
radiation pulses (Fig. 3.38b) can be explained as follows. The first and
second pump pulses (current) form mercury monobromide molecules in the
B’Z"1, and X?X', states due to the dissociation of mercury dibromide

molecules upon collision with electrons. The second pump pulse (current)
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leads to an additional increase in the population of the B?X*, state of

mercury monobromide molecules due to the process:

et+HgBr(X?Z ' 2)—e+HgBr(B?Z " 2) (3.43)

with HgBr (X?Z*2) mercury monobromide molecules in the ground state.
These do not have time to recover into a triatomic molecule (mercury

dibromide) in the inter-pulse period (150 ns) of the process:

HgBr(X?2'12)+Br+Ne—HgBr,+Ne  (3.44)
leading to an increase in the amplitude of the second radiation pulse.

The second regularity (an increase in the amplitudes of both radiation
pulses with an increase in the neon partial pressure) may be associated with
a decrease in the parameter E/N, which leads to an increase in the excitation
rate constant of the B>X"}), state of mercury monobromide molecules (Fig.
4.32, Chapter 4) and a consequent increase in the amplitudes of the radiation

pulses.

3.11. Conclusions to Chapter 3

1. In a low-temperature plasma based on mixtures of mercury
dibromide vapor with nitrogen, sulfur hexafluoride, and helium, created by
a barrier discharge, the exciplex HgBr* molecule was efficiently excited at
pulse repetition rates of 3 to 9 kHz.

2. Studies into the radiation spectra of discharges in two, three and four-
component mixtures of mercury dibromide vapor with helium, argon, neon,
nitrogen,sulfur hexafluoride show us that the B>Z"|,, state of the exciplex

molecule HgBr* is effectively excited in the barrier discharge and at high
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repetition rates. The difference in the value of radiation intensity for the
wavelength A = 502 nm in a system of spectral bands is associated with the
additional mechanisms (in addition to the dissociative excitation of mercury
dibromide molecules by electrons) of the population of B*X") states of
exciplex HgBr* molecules. At higher frequencies (120 kHz), the
fragmentation of mixture components was observed and the mercury
monobromide molecules did not have time to recover to mercury dibromide
molecules and decompose into mercury and bromine atoms through
collisions with electrons.

3. Optimal conditions for the formation and emission of HgBr* and
XeBr* exciplexes in the visible (Amax. = 502 nm) and ultraviolet (Amax. = 281
nm) spectral regions were detected in a discharge in a mixture of mercury
dibromide vapor, krypton and xenon. The optimal temperature range was
found at which simultaneous emission of exciplex molecules HgBr* and
XeBr* could be observed.

4. The conditions for the formation and emission of HgBr* and KrBr*
exciplexes in the visible (Amax. = 502 nm) and ultraviolet (Amax. = 207 nm)
spectral regions were revealed in a discharge in a mixture of mercury
dibromide vapor, krypton and helium. This allowed us to establish the
formative mechanism of exciplex molecules of krypton bromide.

5. In all mixtures, an increase in the radiation power to a maximum
value was observed, and subsequently, with increasing partial pressure of
the mixture components, the radiation power decreased.

6. The dependency of the radiation power of exciplex molecules HgBr*
on the partial pressure of the components of the mixture was related to the
following processes: an increase in the electron concentration with
increasing partial pressure of He, Ar, Ne, N», SF¢, and HgBr» in the mixture;

a change in the fraction of the discharge energy consumed in heating the
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working mixture; the change in the mean electron energy; the rate constant
of excitation of HgBr* exciplex as a function of the value of the parameter
E/N; and the quenching of the B2X", state of HgBr* molecules through
collision with helium atoms, nitrogen molecules, sulfur hexafluoride and
mercury dibromide.

7. The quenching efficiency of HgBr* by nitrogen molecules, sulfur
hexafluoride and mercury dibromide was determined to be within the range
(0.04 £0.01-71.1 £ 14.2) x 10"'* m3/s.

8. With an increase in the energy stored in the capacitance 7 pF
dielectric, from 0.1 mJ/cm?® to 0.8 mJ/cm’, the average radiation power for
all mixtures increased proportionally. The rate of increase in the radiation
power from the energy stored in the dielectric capacitance for each mixture
was different. This was due to various redistributions of the discharge
energy into elastic and inelastic processes occurring in the plasma,
depending on the composition of the mixture. A proportional increase in the
radiation power was also observed with a change in the pulse repetition
frequency from 3 kHz to 9 kHz. The highest values of average and pulsed
radiation power were achieved for the discharge in the four-component
mixture HgBr,:SFs:N2:He, which reached 48.8 £ 2.9 mW and 40.6 £ 6.5 W
in the self-heating mode, respectively, with an efficiency of < 10 %. With
external heating of this mixture, the average power reached a maximum
value of ~480 =29 mW.

9. A significant increase in the radiation power of exciplex HgBr*
molecules in a discharge in mercury dibromide vapor with sulfur
hexafluoride, nitrogen and helium mixtures can be explained by the
quenching of the overlying energy states (C*I[1y, and DI1; ) of mercury

monobromide and the transfer of their population to the B*X" ), state.
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10. The amplitude of the radiation pulses and their half-width were
higher in a four-component mixture in comparision to those achieved when
using a two-component mixture. This regularity was caused by the
quenching processes of the overlying energy states C2I1;, and D?I1;, of
mercury monobromide by molecules of sulfur hexafluoride and nitrogen
with a transfer of the population to the B?Z "), state, leading to an increase
in the pulse amplitude in three and four-component mixtures in comparison
to two-component mixtures.

11. The use of a special heat-insulating element in the structure of the
device of the radiator, namely, an additional housing in a transparent cuvette
to examine the visible and ultraviolet radiation, saw an increase in the
radiation power for all mixtures of 40 %. The efficiency for a four-

component mixture reached ~10 %.
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CHAPTER 4

PARAMETERS AND CHARACTERISTICS
OF GAS-DISCHARGE PLASMA IN MIXTURES
OF MERCURY DIBROMIDE VAPOR WITH ATOMIC
AND MOLECULAR GASES

The third chapter described our investigations into the optical
characteristics of gas-discharge plasma in mixtures of mercury dibromide
vapor with helium, argon, neon, nitrogen, sulfur hexafluoride, xenon and
krypton. Because of methodical and technical difficulties, measurements of
the parameters and characteristics were not carried out. These included: the
electron energy distribution; mean electron energy; electron temperature,
drift velocity, and concentration; and the efficiency of elastic and inelastic
processes of electron collisions with the components of the working
mixtures. Additionally, the power losses in the discharge, including the
excitation, ionization, attachment and elastic scattering of electrons by
atoms and molecules that are the part of plasma working mixtures, were
unable to be measured. The measurement of these parameters and the
characteristics of plasma in the mixtures being studied at atmospheric
pressures is a complex task, both methodologically and technically [100].
As such, we used a theoretical method to establish data on the characteristics
and parameters of the plasma, which was then successfully tested in
discharges using other mixtures of mercury dihalide vapor with gases [30—

32, 48, 49, 87, 101]. According to this method, the parameters and
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characteristics of gas-discharge plasma were determined on the basis of the
known electron energy distribution function (EEDF). To determine the
EEDF, the Boltzmann kinetic equation was used for the quasi-stationary

electron energy distribution function [1, 3, 101]:

9 . e
Ot y.vf-m -E-V,f=C[f] 4.1

where f'is the electron distribution function in six-dimensional phase space;
v is the coordinates of velocity; e is the elementary charge; m is the electron
mass; E is the electric field strength; V, is the gradient operator; V, is the
velocity gradient operator; and C is the change in velocity in the EEDF due
to collisions.

The kinetic Boltzmann equation (4.1) for the quasi-stationary electron
energy distribution function is used for experimental conditions in which
the plasma medium is spatially homogeneous, characterized by the
constancy of the component composition and in an electric field where the
intensity does not change during the time of establishing the electron energy
distribution function [1, 3, 101]. These experimental conditions are describe

for our experiments in Chapters 2 and 3.

4.1. Results of numerical calculations and their discussion

The parameters of the plasma in the barrier discharge in mixtures of
mercury dibromide vapor and gases were determined numerically and
calculated as complete integrals of the electron energy distribution function
in the discharge for mixtures with optimal component ratios for obtaining

maximum radiation power. These were: HgBr>:He (0.5:99.5 %); HgBra:Ar
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(0.5:99.5 %); HgBr:Ne (0.5:99.5 %); HgBr:N»>:He (0.6:3.3:96.1 %);
HgBr,:SFe:He (0.6:0.06:99.34 %); HgBr:SFs:Na2:He (0.6:0.06:3.3:96.14
%); HgBr: Xe:Kr (0.3:8:91.7 %); and HgBr:Kr:He
(0.0009:8.3999:91.5992 %). In addition, the rate constants of elastic and
inelastic scattering of electrons by molecules and atoms (the components of
the mixture) and the power losses of the electric discharge in different
elementary processes in the plasma were determined for different values of
the parameter E/N (where E/N was the ratios of the electric field strength (E
) to the total concentration of the mixture components (N)) in the parameter
range E/N = 1-100 Td (1-10"7-1-10""* V-¢cm?). The range of the change in
the parameter E/N included all the values of the parameter E/N that were
realized in the experiment.

Calculation of the electron energy distribution function, as well as the
plasma parameters, were carried out using the freely available software
program BOLSIG+ on the Internet [95].

For the value of the integral of electron collisions with molecules of
helium, argon, neon, krypton, xenon, sulfur hexafluoride and nitrogen,
processes from the Bolsig+ database were used. These were the following:
elastic scattering and excitation of energy states of helium atoms (23S, 2'S,
23P, 2'P, 3SPD, 4SPD, 5SPD); argon atoms with threshold energies of
11.623 eV, 12.906 eV, and 11.273 eV; neon atoms with threshold energies
0f 16.62 eV, 16.67 eV (1s4), 16.84 eV (1s2), 18.72 eV (2p), 20.0 eV (2s +
3d), and 20.65 eV (3p); excitation of electronic states of krypton atoms with
threshold energies of 9.5 eV, 10 eV, and 11 eV; excitation of electronic
states of xenon atoms with threshold energies of 3.4 eV, 8.31 ¢V, 8.44 ¢V,
9.69 eV, 10.0 eV, 11.0 eV and 11.7 eV; and the ionization of helium,
krypton and xenon atoms. For elastic excitation and excitation of energy

states of sulfur hexafluoride molecules, the following were taken from the
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Bolsig+ database: excitation of the first vibrational state of the ground
electronic state; excitation of electronic states with threshold energies of
10.0eV, 11.7 eV, 15.0 eV and 15.7 eV, ionization and electron attachment
to SF¢ molecules; dissociative attachment of electrons to sulfur hexafluoride
molecules with the formation of SF5 ions; dissociative excitation of SF¢
molecules with the formation of negative ions other than SF-s. For the elastic
scattering and excitation of energy states of nitrogen molecules, the
following were taken into account: vibrational v = 1-8; lower electron A’T",
v=0-4;v=>5-9;v=10; Bl BTy A'T; A'Tlg; W'A,; CIT,; B3ZF g A
(threshold 12.25 eV); the sum of singlet states with energy above the
threshold 13 eV; and the ionization of nitrogen molecules [95]. The
interaction processes of electrons and mercury dibromide molecules were
taken into account, including: vibrational excitation of HgBr, molecules,
with scattered electron energy equal to 0.0035 eV; resonant vibrational
excitation of HgBr, molecules, with scattered electron energy equal to 0.25
eV; dissociative excitation of electronic states of mercury monobromide
(X%Z"1, B2Z*1); excitation of the electronic state of mercury dibromide
(HgBr, (D)) with an electron threshold energy of 7.9 eV, attachment, and
ionization. Data on the absolute values of the effective cross-sections of
these processes, as well as their dependency on electron energy, were taken
from [30, 31, 42, 43].

The numerical calculation of mean electron energies makes it possible
to determine their temperature in gas-discharge plasma from the well-

known formula [1]:

e=3/2kT (4.2)
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where ¢ is the electron energy; k is the Boltzmann constant; and T is the
temperature in degrees Kelvin.

The electron concentration (N.) was calculated from the formula [1]:

Ne=jle-Va. (4.3)

where j is the current density in the discharge; e is the electron charge; and
V. is the drift velocity of electrons.

The electron drift velocity was determined from the expression [1]:

Va.=pe'E (4.4)

where L. is the electrons mobility and E is the field strength acting on the
plasma.

The field strength acting on the plasma E was calculated by the formula:

E=Upu/d (4.5)

where Up, is the voltage acting on plasma and d is the discharge gap.

The voltage acting on plasma was estimated from the expression:

Up.= U-Ca/(Cp+Ca) (4.6)

where U is the amplitude of the voltage pulse applied to the electrodes of
the radiator; Cq. is the capacitance of the dielectric surface; and C,;. is the
capacitance of the plasma gap.

The results of the calculations are published in [52-54, 57, 58, 60, 61,
63, 65, 66, 69, 102, 103].

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

130 Chapter 4

4.1.1. Transport and energy characteristics of plasma
in a mixture of mercury dibromide vapor with helium.
The rate constants of electron collision processes
with the components of the mixture

In Figure 4.1, the characteristic shape of the EEDF is shown for a
change in the parameter E/N in the range 1-100 Td. An increase in the E/N
parameter led to an increase in the number of “fast” electrons in the
discharge and a decrease in the electron density in the working range of the
radiator (E/N = 3-30 Td). Mean energy of the discharge electrons most
strongly depended on the value of the parameter E/N = 1-20 Td, which
increased linearly from 1 to 6 eV. In the range of the parameter E/N = 20—
100 Td, mean electron energy also increased from 6 to 12 eV, but at a lower
rate.

The electron temperature increased from 11,600 K to 139,200 K with a
change in the E/N parameter from 1 to 100 Td, respectively.

The mobility of electrons (Figure 4.2) decreases sharply in the range of
values of the parameter E/N (1 Td) from 4.5-10**-N (1/m/V/s) and varies
slightly within the range 2.2-10*-N-2.3-10**-N (1/m/V/s) when changing
the E/N parameter in the range 10—100 Td. This gives values for electron
drift velocity ranging from 74.4-10*m/s to 37.2-10* m/s for the amplitude
of the voltage pulse 8 kV (with an electric field strength acting on the plasma
of 31-10° V/m and an electron concentration of 3.9-10'7 m=>-7.8-10'7 m~ at
a current density through the gas-discharge gap of the radiation source of
4.7 A/cm? (on the surface of the inner electrode (S = 1.9 cm?)).

The distribution of power losses in the discharge of the main processes,
with a change in the value of the parameter E/N in the range 1-100 Td, is
shown in Figure 4.3a. In the dissociative excitation of mercury

monobromide molecules, discharge power losses increased as the E/N
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parameter increased, reaching maxima of 14 %, 35 % and 49 % for the
electronic states of mercury monobromide B?Z ", mercury monobromide
X%2", and mercury dibromide HgBry(D), respectively. With a further
increase in the parameter E/N, they decreased. The rate of change in the
discharge power losses in these processes and their magnitudes are related
to the nature of the dependency of the effective excitation cross-sections of
specific states; the electron energies; their absolute magnitudes; the
dependency of the electron distribution function for different values of the
parameter E/N; and on the threshold energy of the dissociative excitation of
electronic states of mercury monobromide molecules. The dependency of
discharge power losses on vibrational excitation; the dissociative attachment

of electrons to mercury dibromide molecules; and the elastic scattering of

Figure 4.1. Electron energy distribution functions in discharge acting on the mixture
HgBr2:He = 0.5:99.5 % at E/N = 1 (1); 25.8 (2); 55.5 (3); 75.3 (4); and 100 Td (5).

Insert: the dependency of mean electron energy on the parameter E/N [52].
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Figure 4.2. The dependency of the reduced mobility of electrons on the parameter

E/N for the mixture HgBr2:He = 0.5:99.5 % [52].

100

0 50 100 0 50 100
E/N, Td E/N, Td
Figure 4.3. a). The dependency of specific power losses on the main electronic
processes in the mixture as a function of the parameter E/N: vibrational excitation
of mercury dibromide molecules (1); elastic scattering of electrons by helium atoms
(2); resonant vibrational excitation of mercury dibromide molecules (3); dissociative
excitation of electronic states of mercury monobromide molecules X?>Z"12 (4) and
mercury dibromide (D) (5); ionization of mercury dibromide molecules (6);
dissociative excitation of the B2X"1 state of mercury monobromide molecules (7);

ionization of helium atoms (8 ); excitation of helium atoms 23S state (9). b).
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Dependency of the total specific losses of discharge power on the parameter E/N:
clastic scattering of electrons (1); inelastic processes: dissociative excitation of
energy states of mercury monobromide molecules; vibrational excitation of mercury
dibromide molecules and excitation of energy states of helium atoms (2); ionization

of mercury monobromide molecules and helium atoms (3) [52].

electrons by helium atoms were significant only at E/N<10 Td. With an
increase in the parameter E/N (>10 Td), they decreased sharply. The losses
of discharge power in the ionization processes of the discharge were most
strongly manifested in the ionization of mercury dibromide molecules. This
is due to the smaller value of its ionization potential in comparison to that
of helium atoms. The losses of discharge power in the ionization of mercury
dibromide molecules began to increase sharply at values of the parameter
E/N>20 Td. For E/N>40 Td, they became higher than the power losses of
the discharge in the excitation of the B2X"} ), state of mercury monobromide.
The losses of discharge power in inelastic processes for helium were
noticeable at E/N>30 Td. Their values in the excitation of electronic states
did not exceed 7 %; for ionization this was 14 % (E/N = 100 Td). Low losses
of discharge power in the inelastic collision of electrons with helium atoms,
in comparison to losses in the inelastic collision of electrons with mercury
dibromide molecules, were associated with lower absolute values of
effective cross-sections of these processes in conjunction with higher
energy values and thresholds. The total energy losses of the gas-discharge
plasma (Figure 4.3b) in inelastic processes, in terms of the dissociative
excitation of energy states of mercury monobromide molecules; the
excitation of vibrational energy states of mercury dibromide molecules; and
the excitation of electron energy states of helium atoms, increased from the

values of the parameter E/N = 1 Td, reached a maximum at E/N = 20-30
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Td, reached 90 % and then monotonically decreased to 50 % at E/N =100
Td. The total energy losses of the gas-discharge plasma during ionization
linearly increased with values of the parameter E/N = 10 Td to 100 Td and
reached 40 %. Losses in the elastic collision process decreased
exponentially from 60 % for low values of the parameter (E/N = 1 Td) and
to several percentages in the range of the parameter values E/N = 100 Td.
The losses of discharge power in the attachment of electrons to mercury
dibromide molecules were insignificant. Even at values of the parameter
E/N = 1-20 Td, they did not exceed 1 % of the total losses.

Figure 4.4 presents the results of numerical calculation of the rate
constants of the following processes: dissociative excitation of electronic

states of mercury monobromide (X?Z*;» and B?Z*,,) and states of mercury

1.4x107

E/N,Td

Figure 4.4. Rate constants of the collision of electrons with molecules of mercury

dibromide in gas-discharge plasma acting on the mixture HgBr2:He (0.5:99.5 %) at
a total pressure of 120 kPa: 1 - excitation of HgBr2 molecule D-state; 2 - ionization
of HgBr2 molecules by electrons; 3 - dissociative excitation of HgBr* molecule
X2TH, state; 4 - vibrational excitation of HgBr molecules; 5 - dissociative
excitation of HgBr* molecule B?Z 1,2 state; 6 - resonance vibrational excitation of

HgBr2 molecules; and 7 - electron attachment to HgBr> molecules [52].
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dibromide (D); vibrational excitation of mercury dibromide molecules by
electrons; dissociative attachment of electrons to mercury dibromide
molecules; and ionization of mercury dibromide molecules by electrons for
the mixture HgBr»:He (0.5:99.5) % in the component ratio at which the
maximum emission power of the spectral band Amax= 502 nm of the exciplex
molecule HgBr* was observed. The rate constants were characterized by
high values k =10'-10""* m%/s, which are connected to the large value of
the absolute effective cross-sections of the corresponding processes. In the
range of the parameter E/N = 1-100 Td, the excitation constants of the D-
state of mercury dibromide and the ionization of mercury dibromide by
electrons increased from 1073 to 107> m¥/s. In the vibrational excitation of
mercury dibromide molecules and dissociative excitation of the X?Z"}; and
B?Z*) states of mercury monobromide molecules by electrons, the rate
constants increased from 107'° to 10-'*m?/s. For the dissociative attachment
of electrons to mercury dibromide molecules, the rate constants increased
from 107 to 107! m%/s. In the range of the parameter E/N = 10-40 Td, in
which the radiation source operates, the rate constant of B>X*;, state
excitation had a value of 1-10"'*m?/s, which is a quantitative measure of the
excitation efficiency of exciplex HgBr* molecules in the working mixture

of the radiation source.

4.1.2. Transport and energy characteristics of plasma
in a mixture of mercury dibromide vapor with nitrogen
and helium. The rate constants of electron collision
processes with the components of the mixture
Figure 4.5 shows the characteristic form of the EEDF when the
parameter E/N is in the range 1-100 Td. The increase in the parameter E/N

led to an increase in the number of “fast” electrons in the discharge and a

decrease in the electron density in the range of the emitter (E/N = 3-30 Td).
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Mean energy of the discharge electrons (Figure 4.5) depended most strongly
on the parameter E/N = 8-20 Td, while it increased linearly from 1.5 to 5
eV. In the range of the parameter E/N = 20-100 Td, mean electron energy
also increased from 5 to 11 eV, but at a lower rate. The slower growth of
mean electron energies in the region of the parameter E/N = 1-8 Td is
caused by the energy loss of electrons upon excitation of the vibrational
energy levels of nitrogen molecules.

Electron temperatures increased from 5,800 K to 127,600 K when the
parameter E/N varied from 1 to 100 Td, respectively.

The reduced electron mobility, as shown in the data of the numerical
calculation (Figure 4.6), varies within 4.9-10*N-2.0-10**N (1/m/V/s),
when the parameter E/N varies in the range 1-100 Td.

_ 11
10_1 0 '_"‘"
7
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N 3
% 107 | A —
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1094 % \
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Figure 4.5. Electron energy distribution functions in the discharge for the mixture
HgBr2:N2:He = (0.6:3.3:96.1) % for the following values of the parameter E/N: 1
(1); 25.8 (2); 50.5 (3); 75.3 (4); 100 (5) Td. The insert shows the dependency of the

mean electron energy on the parameter E/N [54].
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This gives electron drift velocity values of 92.3-10* m/s and 39.1-10* m/s,
respectively, for a field strength acting on the plasma of 35.5-10° V/m for a
time instant of 150 ns from the beginning of the voltage pulse (the maximum
value of the pulse amplitude [Chapter 3, Figure 3.5] and the value of the
electron concentration of 3.9-10'7 m3-9.1-10'7 m™ at a current density of
5.7 A/cm? on the surface of the internal electrode of the radiation source
(1.9 cm?).

The distribution of specific power losses of the discharge in the main
processes with a change in the value of the parameter E/N in the range 1—
100 Td is shown in Figure 4.7a. In the dissociative excitation of mercury
monobromide molecules, the discharge power losses increased with an
increase in the parameter E/N. They reached maxima of 9.5 %, 18.9 % and
35.7 % for E/N parameters equal to 20 Td, 30 Td and 40 Td for electronic
states of mercury monobromide B?Z'| 5, mercury monobromide X?Z5,

and mercury dibromide (D), respectively.

24
45510
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Figure 4.6. The dependency of reduced electron mobility on the parameter E/N for
the mixture HgBr2:N2:He (0.6:3.3:96.1 %) [54].
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With a further increase in the parameter E/N, they decreased. The rates of
increase and decrease of the discharge power losses in these processes and
their magnitudes are related to the nature of the dependency of the effective
excitation cross-sections of specific states; the electron energies; their
absolute magnitudes; the dependency of the electron distribution function
on the parameter E/N; and the threshold energy of the dissociative excitation
of the electronic states of mercury monobromide molecules. The losses of
discharge power in the vibrational excitation of nitrogen molecules and
mercury dibromide; the dissociative attachment of electrons to mercury
dibromide molecules; and the elastic scattering of electrons by helium atoms
were significant only at E/N<10 Td; with an increase in the parameter
E/N>10 Td, they decreased sharply. The losses of discharge power in the
excitation of the electronic states of nitrogen molecules were significant
only for the C°I1, states and the sum of singlet states (dependencies (7) and
(8)). They were 5.8 % and 3.2 %, respectively, for values of the parameter
E/N =50 Td.
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Figure 4.7. a). The dependency of power losses in the processes of electron collisions
with mercury dibromide and nitrogen molecules and helium atoms as a function of
the parameter E/N for discharges in the mixture HgBr2:N2:He = (0.6:3.3:96.1) %:
the vibrational excitation of mercury dibromide molecules (1); the elastic scattering
of electrons by helium atoms (2); the excitation of electronic states of mercury
dibromide (D) (3); the dissociative excitation of electronic states of mercury
dibromide molecules to form mercury monobromide in the states: X?Z*12 (4) and
B2Z*112 (5); the ionization of mercury dibromide molecules (6); the excitation of an
electron state C°Iu of nitrogen molecules (7); the excitation of the sum of singlet
states of nitrogen molecules (8); the excitation of vibrational states of the ground
state (X?Z'g) of nitrogen molecules: v=2 (9), v=3 (10),v=1(11),v=4(12),v=
5(13),v=6(14),v="7(15), and v =8 (16). b). The dependency of the total specific
power losses of the discharge on the parameter E/N in: the elastic scattering of
electrons (1); the inelastic processes of collisions of electrons with molecules of
mercury dibromide, nitrogen and helium atoms (2); the ionization of molecules:

mercury dibromide (3), nitrogen (4) and the ionization of helium atoms (5) [54].

For other states of nitrogen molecules, these losses did not exceed 2 %. The
losses of discharge power in ionization processes was most significant for
the ionization of mercury dibromide molecules (dependency (6)). This is

due to the low ionization potential of this molecule in comparison to the
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ionization potential of the nitrogen molecule and the helium atom and the
large effective ionization cross-section. The loss of discharge power in the
ionization of mercury dibromide molecules began to increase sharply with
parameter values E/N>20 Td; for E/N>45 Td they exceeded (9.5 %) the
discharge power losses in the excitation of the B?X" state of mercury
monobromide. The losses of discharge power in inelastic processes for
helium were noticeable for values of the parameter E/N>30 Td; their values
in the excitation of electronic states did not exceed 1 %; for ionization this
was 0.8 % at (E/N) = 100 Td. Low losses of discharge power in the inelastic
collision of electrons with nitrogen molecules and helium atoms, in
comparison to losses in the inelastic collision of electrons with molecules
of mercury dibromide, were associated with lower absolute values of the
effective cross-sections of these processes and large values in their threshold
energies. The total energy losses of gas-discharge plasma (Figure 4.9b) in
inelastic processes, in terms of the dissociative excitation of energy states
of mercury monobromide molecules; the excitation of vibrational energy
states of mercury dibromide molecules; the excitation of energy states of
nitrogen molecules; the excitation of vibrational energy states of nitrogen
molecules; and the excitation of electron energy states of helium atoms,
increased from the value of the parameter E/N = 1 Td. They reached a
maximum at E/N = 20-30 Td and 90 %, after which they decreased
monotonically to 50 % at E/N = 100 Td. The total energy losses of gas-
discharge plasma in ionization increased linearly in the range E/N =20-100
Td, reaching 19 %. The losses in elastic collisions decreased exponentially
from 55% for a low value of the parameter (E/N = 1 Td) and to several
percentages in the range of the parameter E/N = 100 Td. The losses of the

discharge power in the attachment of electrons to mercury dibromide
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molecules were insignificant and even at values of the parameter E/N = 1—
20 Td did not exceed 1 % of the total losses.

Figure 4.8 shows the results of numerical calculation of the rate
constants for electron collisions with (a) mercury dibromide molecules and
(b) nitrogen, which are a quantitative measure of the efficiency of these
processes [32]. The efficiency of these processes for mercury dibromide
molecules was higher. The values of the rate constant (k) were in the range
1-107'%-1.2.10"3 m%/s with an increase in the E/N parameter from 10 to 100
Td. This was caused by the higher absolute effective cross-sections of the
corresponding processes in comparison to the data for nitrogen molecules
[26-30]. In the range of the parameter E/N = 1-100 Td, the excitation rate
constants of mercury dibromide D-state and the ionization of mercury
dibromide by electrons (curves 1 and 2, Figure 7a) increased monotonically
from 1-10" to 1.2-10"* m3/s and 1-10°5 to 4-10°* m?/s, respectively. The
rate constants of the vibrational excitation processes of mercury dibromide
molecules increased from 1-10°° to 4-10"'*m?/s. The same values were also
reached for the rate constants of the dissociative excitation of the X?X*
and B?Z7; states of mercury monobromide molecules. In the process of the
dissociative attachment of electrons to molecules of mercury dibromide,
they increased from values of 3-10°'® m3/s, reaching a maximum of 1.2-10°
19m3/s for parameter values E/N = 20-30 Td, after which they decreased to
1-10'*m¥/s as the parameter E/N increased to 100 Td. In the range of the
parameter E/N = 10—40 Td, where the radiation source operates, the rate
constant of the B2Z") ), state excitation of mercury monobromide increased
smoothly from 1-107° to 1.5-10"'* m*/s (dependency 5, Figure 4.10a).

The rate constants of the collision processes of electrons with nitrogen
molecules (k) varied within the limits 1-10"'7-5-10""> m%/s (Figure 4.8b).

The rate constants of the excitation of the vibrational levels v = 1-7 and the
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rotational level (Ewm:. = 0.02 eV) of nitrogen molecules increased from 1-10
17 m3/s, reaching a maximum at k = 4.3 -10-'> m%/s, (for the excitation of the
first vibrational level) with the parameter value E/N = 10-20 Td
(dependencies 1, 1015 and 2, respectively). After that, as the parameter
E/N increased, an exponential fall in their values to 1-107'® m/s was
observed. The rate constants of the excitation of the electronic states of

nitrogen molecules increased sharply from k~1-10"1m>/s to 6:10"'> m%/s

1,2

o
o

g 0,9
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Figure 4.8. a) The rate constants of the collision of electrons with molecules of
mercury dibromide in gas-discharge plasma in the mixture HgBr:N2:He =
(0.6:3.3:96.1) %: 1 - excitation of HgBr> molecules D-state; 2 - dissociative excitation
of X2Z*12-state HgBr* molecules; 3 - ionization of HgBr2 molecules by electrons; 4 -
vibrational excitation of HgBr2 molecules; 5 - dissociative excitation of B> *1»-state
HgBr* molecules; 6 - resonant vibrational excitation of HgBr. molecules; 7 -
attachment of electrons to HgBr2 molecules. b) The rate constants of collisions of
electrons with nitrogen molecules: 1 - excitation of the vibrational level v =1 (Ewr. =
0.2910 V) of the ground state of X>T'g; 2 - excitation of the rotational level (Ero. =
0.02 eV); 3 - excitation of the sum of singlet states; 4 - excitation of the electronic state
of C3Iy; 5 - ionization of nitrogen molecules by electrons; 6, 7, 8, 9 - excitation of
electronic states of nitrogen molecules W3A , B3Z ¢, A'Tl,, and 9-A3T*; 10, 11, 12,
13, 14, 15 - excitation of the vibrational levels of the ground electronic state X?Z*g v

=2, v=3,v=1(Ew.=0.29¢eV),v=5,v=06,v="7, respectively [54].
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in the growth region of the parameter E/N = 1-100 Td (curves 3, 4, 6). In
the same region of the change of the parameter E/N, the rate constant of the
ionization of nitrogen molecules (curve 5) also sharply increased from 1-10
17 to 3-10""° m*/s with an increase in E/N from 1 to 100 Td.

The excitation of helium atoms by electrons had smaller values for the
rate constants compared to those for mercury dibromide and nitrogen
molecules. They increased from 1-107'8 to 1-107'® m%/s in the range of the
parameter E/N = 1-100 Td. The rate constant for ionization of helium atoms
by electrons monotonically increased within the limits 11077 to 1.6-10°'
m3/s in the same parameter range of E/N = (1-100 Td). For the elastic
scattering of electrons by helium atoms, the value of the rate constant was

in the range 3-10'*-7-10"" m%/s (E/N = 1-100 Td).

4.1.3. Transport and energy characteristics of plasma
in a mixture of mercury dibromide vapor, sulfur hexafluoride
and helium. The rate constants of electron collision processes
with the components of the mixture
Figure 4.9 shows the characteristic shape of the EEDF when the
parameter E/N is varied in the range 1-100 Td. An increase in the parameter
E/N led to an increase in the number of “fast” electrons in the discharge.
Mean energy of the discharge electrons most strongly depended on the
parameter E/N = 1-20 Td, increasing from 1.37 to 5 eV. In the range of the
parameter E/N =20-100 Td, mean electron energy also increased from 5 to
10.26 €V, but at a lower rate.
The electron temperature increased from 15,892 to 119,016 K with an
increase in the parameter E/N from 1 to 100 Td.
The reduced electron mobility (Figure 4.10) varied between
2.86:10%*-N and 2.15-10***N (1/m/V/s), with an increase in the parameter
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E/N in the range 1-100 Td. This gave electron drift velocity values of
53.4-10* m/s and 40.2-10* m/s, respectively, with an electric field in the
plasma of 35.5-10° V/m at time 150 ns from the start of the voltage pulse
(maximum voltage value of the pulse amplitude (Figure 3.8, Chapter 3) and

3 with a current

an electron concentration of 6.1-10'7 m>-8.1-107 m-
density of 5.26 A/cm? at the surface of the internal electrode of the radiation

source (1.9 cm?).
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Figure 4.9. Electron energy distribution functions in the discharge for the mixture:
He:SFs:HgBr2=0.9934:0.0006:0.006 at total pressure P = 117.17 kPa for the values
of the parameter E/N: 1 (1), 25.8 (2), 50.5 (3), 75.3 (4), 100 (5) Td. The insert shows

the dependency of mean electron energy on the parameter E/N [57].
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Figure 4.10. The dependency of the reduced mobility of electrons on the parameter

E/N for the discharge in the mixture He:SF¢:HgBr2 = 0.9934:0.0006:0.006 [57].

The distribution of specific power losses of the discharge in the main
processes at a value of the parameter E/N in the range 1-150 Td are shown
in Figure 4.11. In the dissociative excitation of mercury monobromide
molecules, discharge power losses increased with an increase in the E/N
parameter. They reached maxima of 39.5 %, 13.7 % and 47.0 % for the E/N
parameter values 11 Td, 23 Td and 37 Td for electronic states of mercury
monobromide X?Z',, mercury monobromide B2Z',,, and mercury
dibromide (D), respectively; with a further increase in the parameter E/N,
they decreased. The rates of increase and decrease of the discharge power
losses in these processes and their values are related to the nature of the
dependency of the effective excitation cross-sections of specific states; the
electron energies and their absolute values; and the dependency of the
electron distribution function for different values of the parameter E/N in

the threshold energy of the dissociative excitation of electronic states of
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Figure 4.11. The dependency of specific power losses in the collisions of electrons
with molecules of mercury dibromide, sulfur hexafluoride and helium atoms as the
function of the parameter E/N in the mixture HgBr2:SF¢:He = (0.6:0.1:99.3) % at
total mixture pressure P = 117.17 kPa: vibrational excitation of mercury dibromide
molecules (1); resonant vibrational excitation of mercury dibromide molecules (2);
elastic scattering of electrons by helium atoms (3); dissociative excitation of electronic
states of mercury dibromide molecules with formation of mercury monobromide in the
states: B?Z'1n (4), X?Z'12 (5), and D’Z*12 (6); ionization of mercury dibromide
molecules (7); ionization of helium atoms (8); other processes of electron collision

with molecules of sulfur hexafluoride and helium atoms (9 to 31) [57].

mercury monobromide molecules. The losses of discharge power in the
vibrational excitation of sulfur hexafluoride and mercury dibromide
molecules; the dissociative attachment of electrons to mercury dibromide
molecules; and the elastic scattering of electrons by helium atoms were
significant only at E/N<5 Td; with an increase in the parameter E/N>5 Td,
they sharply decreased. Losses of discharge power in the ionization of

mercury dibromide molecules began to increase sharply at E/N>11 Td. For
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E/N>43 Td they became higher than the values (13.7 %) of the discharge
power losses in the B2X"), state excitation of mercury monobromide. In the
ionization of helium atoms, they increased linearly, beginning with the
value of the parameter E/N = 37 Td; at E/N = 150 Td they reached 26.3 %.
The losses of discharge power in inelastic processes for sulfur hexafluoride
molecules and the excitation of the energy states of helium atoms were
noticeable at E/N>25 Td. Their value did not exceed 6.5 % at E/N = 100
Td. Low losses of discharge power in the inelastic collision of electrons with
sulfur hexafluoride molecules and helium atoms, in comparison to the losses
in inelastic collisions of electrons with mercury dibromide molecules, are
associated with lower absolute values of the effective cross-sections of these
processes and high energy values and thresholds.

Figure 4.12 presents the results of numerical calculation of the rate
constants of electron collision processes with molecules of mercury
dibromide, as a quantitative measure of the efficiency of these processes
[29]. The value of the rate constants (k) for them was in the range 4-10"1"—
1.2-10°"3 m*/s with an increase in the parameter E/N from 1 to 100 Td. This
is due to higher values of the absolute effective cross-sections of the
corresponding processes [26—30]. In the region of the parameter E/N = 1—
100 Td, the excitation rate constants of the mercury dibromide (D) state and
the ionization of mercury dibromide by electrons (curves 1 and 2, Figure 7)
increased from 1-10"° to 1.2:10"" m®s and 1-10"° to 6-10'* m?s,
respectively. In the vibrational excitation of mercury dibromide molecules
and the dissociative excitation of X*E*';, and B*Z", states of mercury
dibromide molecules by electrons, the rate constants also increased from
1.7-10"7 to 4.4-10"** m3/s. In the dissociative attachment of electrons to
mercury dibromide molecules, they increased from 4.3-10"'7 m%/s, reaching

a maximum 77.6-10"""m?/s at E/N = 100 Td. In the range of the parameter
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E/N = 10-40 Td, in which the radiation source operated, the rate constant
of the B%X*}), state excitation of mercury monobromide smoothly increased
from 1-10°"° to 1.5-10"* m%/s (dependency 5).

The values of the rate constants of collision processes of electrons with
sulfur hexafluoride molecules (k) varied within the range 1-107"7-3-10"3
m?/s in the range of the parameter E/N = 1-100 Td. The rate constant for
the elastic scattering of electrons by SFs molecules was the largest, and in

this range of the parameter E/N, it increased from 5.3-107 to 3-10"1* m%/s.

20 40 60 80 100
E/N, Td

Figure 4.12. The rate constants of electron collisions with molecules of mercury
dibromide in a gas-discharge plasma in the mixture He:SFe:HgBr2 =
0.9934:0.0006:0.006 at a total mixture pressure of P = 117.17 kPa: 1 - excitation
HgBr2 molecules (D) state; 2 - ionization of HgBr2 molecules by electrons; 3 -
dissociative excitation of X?L*1-state HgBr* molecules; 4 - vibrational excitation
of HgBr2 molecules; 5 - dissociative excitation of B?Z*12-state HgBr* molecules; 6
- resonant vibrational excitation of HgBr2 molecules; and 7 - attachment of electrons

to HgBr2 molecules [57].
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The rate constant for the excitation of the first vibrational state with the
threshold electron energy (Ewm,. = 0.1 eV) decreased smoothly from 4.5-10°14
m3/s to 2.3-10""*m?%/s. The rate constants of the excitation of the electronic
states of sulfur hexafluoride molecules with threshold energy 10.0 eV, 11.7
eV, 15.0 eV and 15.7 eV increased sharply from ~1-10"'*m3/s to 5.5-10°1%
m?/s in the range of the parameter change E/N = 1 to 100 Td. In the same
region of E/N variation, the rate constant of the ionization of SF¢ molecules
also sharply increased from 1:10-'°to 3.5-10"'> m%/s with an increase in the
E/N parameter from 1 to 100 Td. The rate constant of electron attachment
to SF¢ molecules decreased exponentially from 3.5-10°'° m3/s to 2-:10"°m?/s.
For the process of dissociative attachment of electrons to SFs molecules,
with the formation of a negative ion SFs, the rate constant also decreased
exponentially from 2.5-10"5 m3/s to 1-10'® m3/s. For the sum of the
processes of dissociative excitation of SF¢ molecules with the formation of
negative ions other than SFs, they increased from 1-10"'7 m’/s to a
maximum of 1.3-10"'° m?/s in the range of the E/N parameter 20-30 Td, and
then decreased to 1.1:10°'° m3/s at E/N = 100 Td.

The values of the rate constants for the excitation of energy states of
helium atoms by electrons were smaller than those for mercury dibromide
and sulfur hexafluoride molecules. They increased exponentially from
~1-10"8 to 7-10"'7 m/s in the growth range of the E/N parameter from 1 to
100 Td. The rate constants of the ionization of helium atoms by electrons
monotonically increased in the range 9-107'% to 9-10"" m’/s in the same
parameter range E/N (1-100 Td). In the elastic scattering of electrons by
helium atoms, the value of the rate constant was in the range 4.5-10'4-8-10

4 m3/s (E/N = 1-100 Td).
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4.1.4. Transport and energy characteristics of plasma in a
mixture of mercury dibromide vapor, sulfur hexafluoride,
nitrogen and helium. The rate constants of electron collision
processes with the components of the mixture

Figure 4.13 shows the characteristic shape of the EEDF when the
parameter E/N varies in the range 1-100 Td. An increase in the E/N
parameter led to an increase in the number of “fast” electrons in the
discharge and a decrease in the electron density in the range of the radiator
(E/N = 3-30 Td). The average energy of the discharge electrons (see the
insert in Figure 4.13) depended most strongly on the parameter E/N = 1-20
Td, and it increased linearly from 0.5 to 3.5 eV. In the range E/N = 20-100
Td, mean electron energy also increased from 3.5 to 10.1 eV, but at a lower
rate. The electron temperature increased from 5,800 K to 117,160 K with an

increase in the E/N parameter from 1 to 100 Td.
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Figure 4.13. Electron energy distribution functions of the discharge in the mixture
HgBr2:SFe:N2:He = 0.7:0.07:4:117.2 kPa at a total mixture pressure P = 121.97 kPa
and E/N parameters: 1 (1), 25.8 (2), 50.5 (3), 75.3 (4), and 100 (5) Td. The insert

shows the dependency of mean electron energy on the parameter E/N [60].
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Electron mobility (Figure 4.14) reduced, with an exponential change,
in the range 5.5-10**:N-2.0-10***N (1/m/V/s). With the increase of the
parameter E/N in the range 1-35 Td, and in the range E/N = 35-100 Td, it
reached saturation at 2.0-10**'N (1/m/V/s), which corresponded to the
electron drift velocity: 105-10* m/s and 37.5-10* m/s for E/N = 1-100 Td,
respectively. The electric field strength acting on the plasma was 37.5-10°
V/m for the maximum value of the voltage pulse amplitude (Figure 3.12,
Chapter 3) and the electron concentration value of 2.9-10'* m3-8-10'7 m3
at a current density of 4.8 A/cm? on the surface of the internal electrode of
the radiation source (1.9 cm?).

Figure 4.15 presents the rate constants for electron collisions with
mercury dibromide molecules, which served as a quantitative measure of

the efficiency of these processes [26].
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Figure 4.14. The dependency of electron mobility on the parameter E/N for the
mixture HgBr2:SF¢:N2:He = 0.7:0.07:4:117.2 kPa [60].
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The value of the rate constant (k) for them was in the range 2:10"1-1.2
10-'3 m%/s with an increase in the parameter E/N from 10 to 100 Td. In the
range of the parameter E/N = 1-100 Td, the rate constants for the excitation
of the electronic state of mercury dibromide (HgBr»(D)) and the ionization
of mercury dibromide by electrons (curves 1 and 2, Figure 6) monotonically
increased from 1-10° to 1.2-10" m?*s and 1-10 to 6-107'* m?/s,
respectively. The rate constants of the vibrational excitation of mercury
dibromide molecules increased from 1-107 to 4-107'* m3/s. The rates of
dissociative excitation of X?X*, and B?Z"|-state mercury monobromide
molecules increased in the ranges (1-107°-4-10""#m3/s) and (1-10"°-2.2-10
'“m?¥/s) with an increase in the parameter E/N in the range 1-100 Td. For
the process of dissociative attachment of electrons to mercury dibromide
molecules, they increased from 9-107'® m?/s, reaching a maximum of 1.2-10
16 m3/s for the parameter E/N = 20-30 Td, then dropped to 7.0-10"" m%/s
with an increase in the parameter E/N to 100 Td. In the range of the
parameter E/N = 10-40 Td, the excitation constant of B>X"|,-state mercury
monobromide molecules gradually increased from 1-107° to 1.4 1074 m?/s

(dependency 5, Figure 4.17).
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Figure 4.15. The dependencies of the rate constants of electron collisions with
mercury dibromide molecules on the parameter E/N in a gas-discharge plasma in a
mixture HgBr2:SF¢:N2:He = 0.7:0.07:4:117.2 kPa: 1 - excitation of the electronic
state of mercury dibromide (HgBr2(D)); 2 - ionization of HgBr» molecules by
electrons; 3 - dissociative excitation of X?X'ip-state HgBr* molecules; 4 -
vibrational excitation of HgBr2 molecules; 5 - dissociative excitation of B?X*12-state
HgBr* molecules; 6 - resonant vibrational excitation of HgBr2 molecules; and 7 -

attachment of electrons to HgBr2 molecules [60].

4.1.5. Transport and energy characteristics of plasma
in a mixture of mercury dibromide vapor, xenon and krypton.
The rate constants of electron collision processes with the
components of the mixture

Figure 4.16 shows the characteristic shape of the EEDF when the E/N
parameter is varied in the range 1-100 Td. An increase in the E/N parameter
led to an increase in the number of “fast” electrons in the discharge and a
decrease in electron density in the range of the emitter (E/N = 3-30 Td).

The mean energy of discharge electrons (Figure 4.17) depended most
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strongly on the parameter value E/N = 1-11 Td, while it increased linearly
from 1.9 to 3.4 eV. In the range of the parameter E/N = 11-100 Td, mean
electron energy also increased from 3.4 to 4.5 eV, but at a lower rate. The
slower growth of mean electron energy in this range of the E/N parameter
is due to the energy losses of the “fast” electrons upon excitation of the

energy states of xenon and krypton atoms.

Figure 4.16. The electron energy distribution functions for the discharge in the
mixture HgBr2:Xe:Kr (0.28:7.98:91.74) % at a total pressure 100.3 kPa of the
reduced electric field strength E/N: 1 (1), 25.8 (2), 50.5 (3), 75.3 (4), and 100 (5)
[58].

The electron temperature increased from 52,432 K to 22,283.6 K with
the change in the parameter E/N from 1 to 100 Td.

Electron mobility (Figure 4.18) decreased in the range 1.8-10%*'N—
5.6:10%-N (1/m/V/s) with an increase in the E/N parameter in the range 1—
100 Td. This gives electron drift velocities of 1.3-10° m/s and 4.0-10* m/s,
respectively, for a field strength acting on the plasma of 1.33-10° V/m for
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the moment in time corresponding to the maximum voltage value (Figure
3.16, Chapter 3). The electron concentration was 2.74-10'® m>-9-10'® m-
at a current density 57 mA/cm? on the surface of the inner electrode of the
radiation source (0.9 cm?).

The distribution of specific power losses in the discharge acting on the
main processes with a change in the value of the parameter E/N in the range

1-100 Td is shown in Figure 4.19.

m-m-uY
) R g-u-u-n ']
I o
-..r". -
4.4 -
{I

>
et P
o )

24

1 ‘ ! ' | | | | I
| ) p v L2 100

E/N, Td

Figure 4.17. The dependency of mean electron energy on the parameter E/N for a

mixture HgBr2:Xe:Kr (0.28:7.98:91.74) % at a total pressure of 100.3 kPa [58].
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Figure 4.18. The dependency of reduced electron mobility on the value of the
parameter E/N for a discharge in the mixture HgBr2:Xe:Kr (0.28:7.98:91.74) % at a
total mixture pressure of 100.3 kPa [58].

In the dissociative excitation of mercury monobromide molecules, the
discharge power losses increased with increases in the parameter E/N. They
reached maxima of 25 %, 12 %, and 53 % with E/N parameter values equal
to 30 Td, 20 Td, and 10 Td for the electronic states of mercury dibromide
molecules HgBry(D) and the states B?X';, and X°T';, of mercury
monobromide, respectively; with a further increase in the parameter E/N,
they decreased. The rate of change in the discharge power losses in these
processes, and its value, are related to the nature of the dependency of the
effective excitation cross-sections of specific energy states; on the electron
energy; on their absolute values; on the dependency of the electron energy
distribution function for different values of the parameter E/N on the value
of the threshold excitation energy of the electronic states of HgBrx(D)
molecules; and the dissociative excitation of electronic states of mercury

monobromide molecules. For the experimental value of the parameter E/N
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= 54 Td, the discharge power losses were 18 %, 6 % and 11 % for the
electronic states of mercury dibromide HgBry(D) and mercury

monobromide molecules in the states B2Z"» and X2 )».
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Figure 4.19. The dependency of specific power losses in the collisions of electrons
with molecules of mercury dibromide, xenon and krypton atoms as a function of the
E/N parameter in plasma in the mixture HgBr2:Xe:Kr = (0.28:7.98:91.74) %: 1 -
dissociative excitation of X?X'p-state HgBr* molecules; 2 - excitation of the
electronic state of mercury dibromide (HgBr2(D)); 3 - dissociative excitation of
B2Z*ip-state HgBr* molecules; 4 - excitation of the electronic state of 1s® xenon

atoms; 5 — excitation of 5s[3/2]%-state krypton atoms [58].

Low losses of discharge power in the inelastic collisions of electrons
with xenon and krypton atoms, as compared to losses in the inelastic
collision of electrons with mercury dibromide molecules, were associated
with lower absolute values of the effective cross-sections of these processes

and the large value of their threshold energy.
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Figure 4.20 shows the rate constants of electron collision processes
with mercury dibromide molecules, and xenon and krypton atoms. The
efficiency of electron collisions with mercury dibromide molecules is
higher by more than one order of magnitude and three orders of magnitude
in comparison to the efficiency of electron collision processes with xenon
and krypton atoms, respectively—this is caused by higher absolute effective
cross-sections and lower threshold excitation energies [30, 43, 73]. In the
range of the parameter E/N = 1-100 Td, the rate constants of the electronic
state of mercury dibromide HgBry(D) and the ionization of mercury
dibromide by electrons (curves 1 and 8, Figure 4.20) increased
monotonically from 1-10"" to 3.4-10""* m*/s and 8.4-10'° to 1.4-10""> m?/s,
respectively. The rate constants of the dissociative excitation of the X?Z |
and B*Z"), states of mercury monobromide molecules varied within the
range 1.2-10"° m3/s-2.4-10* m?*/s and 1.6:10"7-1.2-10""* m%/s. With the
parameter value E/N = 54 Td, at which the investigations were carried out,

the excitation rate constant of exciplex HgBr* molecules was ~9-10°'> m?/s.
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Figure 4.20. The dependencies of the rate constants of electron collisions with
mercury dibromide molecules on the E/N parameter in plasma in the mixture
HgBr2:Xe:Kr = (0.28:7.98:91.74) % at total pressure 100.3 kPa: 1 - excitation of the
energy state of mercury dibromide (HgBr2(D)); 2 - dissociative excitation of X?Z*1/-
state HgBr* molecules; 3 - dissociative excitation of BZX*12-state HgBr* molecules;
4 - ionization of HgBr2 molecules; 5 - excitation of 1s° energy state xenon atoms; 6
- ionization of xenon atoms; 7 - excitation of the electronic state 5s[3/2]% in krypton

atoms; 8 - ionization of krypton atoms [58].

4.1.6. Transport and energy characteristics of plasma
in a mixture of mercury dibromide vapor, krypton and helium.
The rate constants of electron collision processes with the
components of the mixture
Figure 4.21 shows a characteristic form of the EEDF for different
values of the parameter E/N in the range 1-100 Td. An increase in the
parameter E/N led to an increase in the number of “fast” electrons in the

discharge and a decrease in the electron density in the region of low values

of the reduced strength electric field. The mean energy of the discharge

Al'l use subject to https://ww. ebsco.contterns-of-use



EBSCChost -

160 Chapter 4

electrons (insert in Figure 4.21) depended most strongly on the E/N
parameter in the range 1-8 Td, as it increased linearly from 0.6 to 3.9 eV.
In the range of variation of the parameter E/N = 8-100 Td, mean electron
energy also increased from 3.9 to 9.4 eV, but at a lower rate. The slower
growth of mean electron energy in this region of E/N variation is due to the
energy losses of “fast” electrons in the excitation of electronic energy states
of mercury dibromide molecules, and krypton and helium atoms. The
electron temperature increased from 6,960 K to 109,040 K as the parameter

changed from 1 to 100 Td.

00 20 40 60 80
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Figure 4.21. The electron energy distribution functions for the discharge in the
HgBr2:Kr:He mixture (0.0009:8.3999:91.5992) % at a total pressure of 120,001 Pa
for the values of the reduced field strength E/N: 1 (1), 25.8 (2), 50.5 (3), 75.3 (4),
and 100 (5) Td. The insert shows the dependency of mean electron energy on the

parameter E/N for a discharge in the same mixture [61].

The reduced electron mobility in Figure 4.22 varies in the range

5.1-10**N-1.8-10**:N (1/m/V/s) with an increase in the parameter E/N in
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the range 1-100 Td. This led to electron drift velocity values of 5.3-10° m/s
and 1.89-10° m/s, respectively, with an electric field strength acting on the
plasma of 2.7-10° V/m. With an increase in the E/N parameter in the range
1-100 Td, electron concentration increased from 1.79-10'® m to 5-10"¥ m?
(with a current density of 15.2 A/cm? on the surface of the inner electrode
of the radiation source). Mean electron energy at E/N = 100 Td was ~9.4

eV, which corresponded to an electron temperature of 109,040 K.
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Figure 4.22. The dependency of the reduced mobility of electrons on the value of
the parameter E/N for a discharge in the mixture HgBr2:Kr:He
(0.0009:8.3999:91.5992) % at a total pressure of 120,001 Pa [61].

The distribution of specific power losses of the discharge with the
changing value of the parameter E/N in the range 1-100 Td is shown in
Figure 4.23. In the dissociative excitation of mercury monobromide
molecules, the discharge power losses increased with an increase in the
parameter E/N. They reached maxima of 0.24 %, 0.47 %, and 0.69 % with

the E/N parameter equal to 8 Td for electronic states of mercury
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monobromide B?X'j», mercury dibromide HgBr, (D), and mercury
monobromide X?Z ', respectively. With a further increase in the parameter
E/N, they decreased. For the excitation of the 5s[3/2]% electronic state
krypton atom, discharge power losses increased from E/N =5 Td, reached
a 3.4 % saturation at E/N = 18 Td, and subsequently decreased
monotonically to 1.4 % (at E/N = 100 Td). In the excitation of the electronic
state 2°S; helium atom, the power losses of the discharge monotonically

increased from E/N = 18 Td and reached a maximum of 3.9 % at E/N = 100

Td.
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Figure 4.23. The dependency of specific power losses during the collision of
electrons with mercury dibromide molecules, as a function of the E/N parameter in
plasma in the mixture HgBr2:Kr:He (0.0009:8.3999:91.5992) % at a total pressure
of 120,001 Pa: 1, 2 - dissociative excitation of electronic states B>~1» and X?Z 12
of HgBr* molecules; 3 - excitation of the electronic state of mercury dibromide
(HgBr2(D)). On the insert: 1 - excitation of the electronic state 5s[3/2]% krypton

atoms; 2 - excitation of the electronic state of 2°S; helium atoms [61].
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The rates of growth and decrease in the discharge power losses in these
processes and their values are related to the nature of the dependency of the
effective excitation cross-sections of specific states; the electron energies;
their absolute values; as well as the dependency of the electron distribution
function for different values of the parameter E/N on the threshold energy
of the dissociative excitation of electronic states B?Z*, and X?Z*y), of
mercury monobromide molecules; the excitation of electronic states of the
mercury dibromide molecule HgBr»(D); and the excitation of the electronic
states of 5s[3/2]% krypton atoms and 2 3S; helium atoms.

Low losses of discharge power in the inelastic collision of electrons
with mercury dibromide molecules, as compared to losses in the inelastic
collision of electrons with krypton and helium atoms, are associated with a
fairly small concentration of mercury dibromide molecules (2.4-10'* cm)
in the mixture under study.

Figure 4.24 presents the rate constants of electron collision processes
with molecules of mercury dibromide and krypton atoms. The efficiency of
electron collision processes with mercury dibromide molecules is more than
two and four orders of magnitude higher than that of electron collisions with
krypton and helium atoms, respectively. This is due to the higher values of
their absolute effective cross-sections, as well as lower excitation thresholds
[30, 41-43, 73]. The values of the rate constants (k) of electron collisions
with HgBr, molecules and krypton atoms increased in the range 1-107'¢ to
1-10"13 m%/s with an increase in the parameter E/N from 1 to 100 Td. In the
range of the parameter E/N = 1-100 Td, the rate constants of the dissociative
excitation of the electronic state of mercury dibromide HgBr»(D) and the
ionization of the mercury dibromide by electrons (curves 1 and 2, Figure
4.25) increased from 4.4-10""7 to 4.8-10""* m%/s and 4.96:10°'® to 1.1-10°13

m?/s, respectively. The rate constants of the vibrational excitation processes
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of mercury dibromide molecule increased from 4.2-10""7 m¥/s to 3.8-10"*
m?3/s. The values of the rate constants of the dissociative excitation of X>Z*
and B?Z'), states of mercury monobromide molecules increased in the
range of values 4.4-10'°m3/s to 4.2-10"* m*/s and 4.7-10%° t0 2.1-10"" m?/s.
In the process of dissociative attachment of electrons to molecules of
mercury dibromide, they grew from 3.4-107'® m%/s, reached a saturation

point of 2:10"'*m?¥/s at E/N = 6 Td, and then decreased to 8.5-10"" m%/s (as
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Figure 4.24. The dependencies of the rate constants of electron collisions with
mercury dibromide molecules on the value of the E/N parameter in plasma in the
mixture HgBr2:Kr:He (0.0009:8.3999:91.5992) % at a total pressure of 120,001 Pa:
1 - excitation of the electronic state of mercury dibromide (HgBr2(D); 2 - ionization
of HgBr2 molecules by electrons; 3 - dissociative excitation of X>X"2-state HgBr*
molecules; 4 - vibrational excitation of HgBr2 molecules; 5 - dissociative excitation
of B?Z*12-state HgBr* molecules; 6 - resonant vibrational excitation of HgBr2
molecules; 7 - electron attachment to HgBr> molecule; 8 - excitation of electronic

state 5s[3/2]% krypton atoms; and 9 - ionization of krypton atoms [61].
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the parameter E/N increased to 100 Td). In the range of the parameter values
E/N = 100 Td, at which the studies were carried out, the excitation rate
constant of exciplex HgBr* molecules was = 2.1-10"% m?/s.

Based on the numerical calculations, it may be concluded that it is
possible to improve the output characteristics (radiation power and
efficiency in the blue-green, A = 502 nm, and ultraviolet, A = 207 nm,
spectral ranges of a multi-wavelength lamp in a mixture of mercury
dibromide vapor, krypton and helium) by decreasing the parameter E/N to
8 Td and 18 Td. Possible ways to achieve such values of the parameter E/N
include increasing the inter-electrode distance (d) and (or) increasing the

concentration (N); this assumption still needs to be verified experimentally.

4.1.7. Transport and energy characteristics of plasma

in a mixture of mercury dibromide vapor and argon.

The rate constants of electron collision processes with

the components of the mixture

Figure 4.25 presents the characteristic view of the EEDF when the E/N
parameter varies in the range 1-100 Td [102]. An increase in the E/N
parameter led to an increase in the number of “fast” electrons in the
discharge. Mean energy of the discharge electrons increased sharply from
2.2 to 4.6 eV with an increase in the E/N parameter from 1 to 18 Td. With
further growth of the reduced electric field, the rate of increase in the mean

electron energy slowed down and reached 6.6 eV for E/N = 100 Td.

printed on 2/13/2023 9:25 PMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

166 Chapter 4

107
o g
[a]
% | 0 60 80 100
0T E/N.Td

108 |

10-10_

[u] 10 20 20 40 S0 ao 70 a0

£,eV

Figure 4.25. Electron energy distribution functions in the discharge for the mixture
HgBr2:Ar = 0.005:0.995 with total mixture pressure P = 115 kPa for the following
values of the parameter E/N: 1 (1), 25.8 (2), 50.5 (3), 75.3 (4), and 100 (5) Td. The

inset shows the dependency of mean electron energy on the parameter E/N [102].

The temperature of the electrons in the gas-discharge plasma of the radiator

was determined by the formula [1]:

£=3/2'kT

where ¢ is the mean electron energy; k is the Boltzman constant; and T is
the temperature in degrees Kelvin. The temperature increased from 25,520
to 76,560 K.

The product of the electron mobility by density, as follows from the
numerical data, varies within the range 2.8-10°*N-6.8-10-N (1/m/V/s),
when the parameter E/N changes in the range 1-100 Td, which gives
electron drift velocity values of 5.7-10* m/s and 1.4 10* m/s, respectively,

and when the field intensity of the plasma was 376,900 V/m and the electron
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concentration value was 8.6-10'® m>-3.5-10" m™ at a current density equal
to 7.85-10* A/m? on the surface of the internal electrode.

The dependencies of the ionization coefficients of mercury dibromide
molecules and argon atoms on the value of the E/N parameter increased as
the E/N parameter increased (Fig. 4.26). The attachment coefficient of
electrons to mercury dibromide molecules also increased, reaching its
maximum in the region E/N = 9 Td (exceeding the ionization coefficient).
It reached the same values as the coefficient of total ionization for the
parameter E/N = 30 Td: o = 0.775-102 cm™ Torr!. The regularity of this
dependency shows that for the parameter value E/N = 30 Td, ionization
compensates the attachment and the capture of electrons is controlled by

o, cm! - Torr!

[=]

0.20

0.16

0.12 +

0.08
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0 T T T T
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Figure 4.26. The dependency of the ionization and attachment coefficients of
electrons for mercury dibromide molecules and argon atoms on the parameter E/N
for the mixture HgBr2:Ar = 0.005:0.995 and total pressure of the mixture P = 115
kPa: 1 - total ionization; 2 - ionization of argon atoms; 3 - ionization of mercury

dibromide molecules; and 4 - attachment [102].
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attachment. As the values of the E/N parameter exceeded 30 Td, the
coefficient of electron attachment to mercury dibromide molecules sharply
decreased according to a near hyperbolic law, and electron capture was
controlled by other processes (diffusion and recombination) affecting the
balance of the number of electrons.

The distribution of specific losses of discharge power in the main
processes is shown in Fig. 4.27. The fraction of the discharge power spent
on the dissociative excitation of mercury monobromide molecules increased
with an increase in the parameter E/N. It reached maxima of 15 %, 51 %
and 40 % with E/N parameter values equal to 30 Td, 13 Td and 46 Td for
the electronic states of mercury monobromide B?Z',, mercury
monobromide X?T*j», and mercury dibromide (HgBra(D )), respectively.
With a further increase in the parameter E/N, it decreased. The rates of
increase and decrease in the fraction of the discharge power spent on these
processes and their magnitudes are related to the nature of the dependency
of the effective cross-sections for the excitation of specific states; the
electron energies; their absolute values; and the dependency of the electron
distribution function for different values of the E/N parameter on the
threshold energy of dissociative excitation of electronic states of the
mercury monobromide molecule. The fraction of the discharge power spent
on the vibrational resonant excitation of mercury dibromide molecules
reached a maximum of 43 % for E/N = 4 Td; with an increase in the
parameter values, this decreased sharply. The fractions of discharge power
spent on the vibrational excitation of mercury dibromide molecules; the
dissociative attachment of electrons to mercury dibromide molecules; and
the elastic scattering of electrons by argon atoms were significant only at
E/N<7 Td. When the E/N parameter increased to >7 Td, they decreasd

dramatically. The fraction of the discharge power spent on ionization was
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most significant in the ionization of argon atoms (dependency (7)). This is
due to the large value of the effective ionization cross-section compared to
that for mercury dibromide molecules. The fraction of the discharge power
spent on the ionization of argon atoms began to increase dramatically with
values of the parameter E/N>40 Td; for E/N = 100 Td it was 22 %. The
fraction of the discharge power spent in inelastic processes for argon
became noticeable for values of the parameter E/N>20 Td. Its value for the
excitation of electronic states with an electron threshold energy of 11.273
eV (dependency 6, Fig. 4.27) and 11.623 (dependency 8, Fig. 4.27) was 23
% and 9.8 % with the value of the parameter E/N = 100 Td. Low fractions
of the discharge power spent on the inelastic collision of electrons with
argon atoms, as compared to the fraction spent on the inelastic collision of
electrons with mercury dibromide molecules, were associated with lower
absolute values of the effective cross-sections of these processes and large
energies and thresholds [30, 31, 95].

Figure 4.28 presents the rate constants for the collision of electrons with
mercury dibromide molecules, which are a quantitative measure of the
efficiency of these processes [3]. The efficiency of these processes for
mercury dibromide molecules is higher. The values of the rate constants (k)
for mercury dibromide molecules are in the range 1.8-101-6.1-10'* m3/s
when the parameter E/N varies from 11 to 100 Td. This is caused by higher
values of the absolute effective cross-sections of the corresponding
processes compared to the data for argon atoms [30, 31, 95]. The rate
constants of the excitation of mercury dibromide (HgBry(D)) states and
ionization of mercury dibromide by electrons (dependencies 1 and 3, Fig.
4.28) sharply increased from 9.7-107'¢ to 3.9-10""* m®/s and 8.6-10"'7 to
1.6-10"'* m*/s with changes in the parameter E/N from 1 to 42 Td, respectively.
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Figure 4.27. The dependency of specific power losses of the discharge during
electron collisions with mercury dibromide molecules and argon atoms as a function
of the parameter E/N for the HgBr2:Ar = 0.005:0.995 mixture at a total mixture
pressure of P = 115 kPa: vibrational excitation of mercury dibromide molecules (1);
vibrational resonant excitation of mercury dibromide molecules (2); dissociative
excitation of X?Z*12 (3) and B2Z"12 (4) electronic states of mercury monobromide
molecules; excitation of the electronic state (HgBr2(D)) (5) of mercury dibromide
molecules; excitation of energy states of argon atoms with threshold 11.273 eV (6);
ionization of argon atoms (7); excitation of energy states of argon atoms with the
energy threshold 11.623 eV (8); ionization of mercury dibromide molecules (9);
electron attachment to mercury dibromide molecules (10); elastic scattering of

electrons on argon atoms (11) [102].
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Figure 4.28. The rate constants of electron collisions with mercury dibromide
molecules in a gas-discharge plasma in the mixture HgBr2:Ar = 0.005:0.995 at a
total mixture pressure of P = 100 kPa: 1 - excitation of the electronic state
(HgBr2(D)) of mercury dibromide molecules; 2 - resonant vibrational excitation of
HgBr2 molecules; 3 - ionization of HgBr2 molecules by electrons; 4 - dissociative
excitation of B2Z*i2-state of HgBr* molecules; 5 - vibrational excitation of HgBr2
molecules; 6 - dissociative excitation of X?Z*12-state of HgBr* molecules; and 7 -

electron attachment to HgBr> molecules [102].

In the range E/N = 42-100 Td, the rate of increase slowed down. The
maximum values of the rate constants for the excitation of mercury
dibromide (HgBr»(D)) states and the ionization of mercury dibromide by
electrons 6.1-10"* and 5.6-10"'° m?/s were achieved for E/N = 100 Td. The
rate constant of the process of vibrational excitation of mercury dibromide
molecules increased from 2.0-107* to 3.2:10"'* m3/s. The rate constants of

the dissociative excitation of X?Z';, and B?X', states of mercury
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monobromide molecules increased to values of 3.2-107'* m%/s and 1.8-10"*
m?®/s, respectively; for the processes of resonant vibrational excitation of
molecules HgBr, and dissociative attachment of electrons to mercury
dibromide molecules (curves 2 and 7, Fig. 4.28) they did not exceed 2.3-10
15and 1.1-10°' m¥/s, respectively.

The processes of excitation of argon atoms by electrons had smaller
values of the rate constants compared to the data for mercury dibromide
molecules. These increased from a value of 1.2-102¢ to 2.5-107® m?/s. The
rate constant of the ionization of argon atoms by electrons increased within
the range 5.1-103 to 1.3-10"'° m%/s. In the process of elastic scattering of
electrons by argon atoms, the value of the rate constant was within the range

3.4-101-1.9-10" m¥s.

4.1.8. Transport and energy characteristics of plasma
in a mixture of mercury dibromide vapor and neon.
The rate constants of electron collision processes
with the components of the mixture

Figure 4.29 presents the characteristic form of the EEDF when the
E/N parameter varies in the range 1-100 Td [103]. An increase in the
E/N parameter led to an increase in the number of “fast” electrons in the
discharge. The mean energy of the discharge electrons slowly increased
from 1 to 2.7 eV as the E/N parameter increased from 1 to 20 Td. It grew
most sharply (from 2.7 to 8 eV) in the range of the parameter E/N = 20—
50 Td. With further growth in the reduced electric field, the rate of
increase in the mean electron energy slowed down and reached 12.5 eV
for E/N =100 Td.
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Figure 4.29. The electron energy distribution functions in the discharge for the
mixture HgBr2:Ne = 0.005:0.995 with a total mixture pressure of P = 100.8 kPa for
the values of the parameter E/N: 1 (1), 25.8 (2), 50.5 (3) 75.3 (4), and 100 (5) Td.
The inset presents the dependency of mean electron energy on the parameter E/N

[103].

The temperature of electrons increased from 11,600 to 145,000 K as
the parameter E/N changed from 1 to 100 Td.

The calculated electron mobility varied in the range 1.5-10%-N-
2.6:10**N (1/m/V/s), when the E/N parameter changed in the range 1-100
Td, giving electron drift velocities values of 17.5-10° m/s and 29.9-10* m/s,
respectively, with a plasma field strength of 19.9-10° V/m and an electron
concentration value of 0.68-10'7 m=-3.9-10'” m™ at a current density of 19.1
Alcm?,

The dependencies of the ionization coefficients of mercury dibromide

molecules and neon atoms on the value of the parameter E/N increase as
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E/N increases (Fig. 4.30). The coefficient for electron attachment to
mercury dibromide molecules also increases, reaching a maximum in the
E/N =5 Td region (exceeding the ionization coefficient) and reaches the
same values as the total ionization coefficient for the parameter E/N = 10
Td: a = 0.004 cm™ Torr !. The regularity of this dependency shows that for
the values of the parameter E/N = 10 Td, ionization compensates the
attachment—the capture of electrons is controlled by attachment. As the
values of the E/N parameter exceed 10 Td, the coefficient of electron
attachment to mercury dibromide molecules sharply decreases according to
a near hyperbolic law, and electron capture is controlled by other processes

(diffusion and recombination) affecting the balance of the number of

electrons.
a, cm! - Torr! o, em! - Torr!
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Figure 4.30. The dependency of the ionization and attachment coefficients of
electrons for mercury dibromide molecules and neon atoms on the parameter E/N
for the mixture HgBr2:Ne = 0.005:0.995 with total mixture pressure P = 100.8 kPa:
1 - total ionization; 2 - ionization of neon atoms; 3 - ionization of mercury dibromide

molecules; and 4 - attachment [103].
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The distribution of specific power losses of the discharge in the main
processes with a change in the value of the parameter E/N in the range of
1-100 Td is shown in Fig. 4.31.

.%o
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Figure 4.31. The dependency of the specific power losses of the discharge in the
collision of electrons with mercury dibromide molecules and neon atoms as a
function of the parameter E/N for the mixture HgBr2:Ne = 0.005:0.995 at a total
mixture pressure P = 100.8 kPa: vibrational excitation of mercury dibromide
molecules (1); vibrational resonant excitation of mercury dibromide molecules (2);
ionization of mercury dibromide molecules (3); dissociative excitation of the B*X" 12
electronic state of mercury monobromide molecules (4); excitation of the electronic
state (HgBr2(D)) of mercury dibromide molecules (5); dissociative excitation of the
X2%"1/2 electronic state of mercury monobromide molecules (6); ionization of neon
atoms (7); excitation of the energy state of a neon atom 1s2 (8); excitation of the
energy state of a neon atom with an energy threshold of 16.62 eV (9); excitation of

the energy state of a neon atom 2p (10); elastic scattering of electrons on neon atoms
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(11); excitation of the energy state of neon atom 1s4 (12); the excitation of the energy
states of neon atoms (2s + 3d) with an energy of 20.00 eV (13); the excitation of the
energy state of neon atom (4p) (14); the attachment of electrons to mercury
dibromide (15); ionization of a metastable neon atom (threshold energy 4.9 eV) (16))
[103].

The fraction of the discharge power spent on the dissociative excitation
of mercury monobromide molecules increased with an increase in the
parameter E/N. It reached maxima of 15 %, 46 % and 52 % with values of
the parameter E/N equal to 10 Td, 2 Td and 20 Td for the electronic states
of B?Z*j5, mercury monobromide X?T*j, and mercury dibromide
(HgBry(D)), respectively; with a further increase in the parameter E/N, it
decreased. The rates of increase and decrease in the fraction of the discharge
power spent on these processes and their magnitudes are related to the
nature of the dependency of the effective cross-sections for the excitation of
specific states; the electron energies; their absolute values; and the
dependency of the electron distribution function for different values of the
E/N parameter on the threshold energy of the dissociative excitation of
electronic states of mercury monobromide molecules. The fraction of
discharge power spent on the oscillatory resonant excitation of mercury
dibromide molecules reached a maximum of 16 % at E/N = 6 Td; as the
parameter values increased, it sharply decreased. The fractions of discharge
power spent on the vibrational excitation of mercury dibromide molecules;
the dissociative attachment of electrons to mercury dibromide molecules;
and the elastic scattering of electrons by neon atoms were significant only
at E/N<6 Td; with an increase of E/N>6 Td, they decreased dramatically.
The fraction of the discharge power spent on ionization processes was most

significant in the ionization of mercury dibromide molecules (dependency
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(3)). This is due to the smaller value of their ionization potential compared
to the ionization potential of neon atoms and the large value of the effective
ionization cross section. The fraction of discharge power spent on the
ionization of mercury dibromide molecules began to increase dramatically
when the value of the parameter was E/N>10 Td; when E/N>30 Td became
higher than the value (12.7 %) of the fraction of discharge power spent on
the excitation of the B?Z"; state of mercury monobromide. The fraction of
the discharge power spent on inelastic processes with neon became
noticeable for values of the parameter E/N>30 Td. Its value for the
excitation of electronic states did not exceed 11 % with the value of the
parameter E/N = 100 Td. Low fractions of discharge power spent on the
inelastic collision of electrons with neon atoms, compared to fractions spent
on the inelastic collision of electrons with mercury dibromide molecules,
are associated with lower absolute values of the effective cross-sections of
these processes and large energies, as well as their thresholds [30, 31, 95].
Figure 4.32 presents the rate constants for the processes of collision of
electrons with mercury dibromide molecules, which are a quantitative
measure of the efficiency of these processes [3]. The efficiency of these
processes for mercury dihalide molecules is higher. The values of the rate
constants (k) for them are in the range 1-1074-1.6-10"'3 m’/s when the E/N
parameter changes from 10 to 100 Td, which is caused by higher values of
the absolute effective cross-sections of the corresponding processes
compared to the data for neon atoms [30, 31, 95]. In the region of the
parameter E/N = 1-100 Td, the rate constant for the excitation of mercury
dibromide (HgBr»(D)) states and the ionization of mercury dibromide by
electrons (dependencies 1 and 2, Fig. 4.32) increased monotonically from
0.6:10"% to 1.6-10°"* m3/s and 0.6:10"'® to 1.2-10°'3 m%/s, respectively. The

rate constant of the process of vibrational excitation of mercury dibromide
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molecules increased from 1.6-10' to 4.4-10"'* m3/s. The rate constants of
the dissociative excitation of X?X'j» and B?X'j, states of mercury
monobromide molecules increased to values of 4-10"* m’/s and 2.1-10"*
m?/s, respectively. For the processes of the resonant vibrational excitation
of molecules HgBr, and dissociative attachment of electrons to mercury

dibromide molecules, they do not exceed the value 1-10"'° m¥/s.
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Figure 4.32. The rate constants of electron collisions with mercury dibromide

molecules in a gas-discharge plasma in the mixture: HgBr2:Ne = 0.005:0.995 with a
total mixture pressure of P = 100 kPa: 1 - excitation of mercury dibromide
(HgBr2(D)) states; 2 - ionization of HgBr2 molecules by electrons; 3 - dissociative
excitation of X2Z"12 state of HgBr* molecules; 4 - vibrational excitation of HgBr2
molecules; 5 - dissociative excitation of B?Z*12-state HgBr molecules; 6 - resonant
vibrational excitation of HgBr> molecules; and 7 - electron attachment to HgBr2

molecules[103].

The processes of excitation of neon atoms by electrons had smaller

values for rate constants in comparison to the data for mercury dibromide
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molecules. They increased from a value of 1-1022 to 3.2-10"'* m’/s in the
range of changes in the parameter E/N = 1-100 Td. The rate constant of the
process of ionization of neon atoms by electrons increased within the range
6.5-10to0 3-10"'° m%/s in the same range of the parameter E/N (1-100 Td).
For the elastic scattering of electrons by neon atoms, the value of the rate
constant is within 9-10°-5-10'* m%/s in the range of the parameter E/N =

1-100 Td.

4.2. Conclusions to Chapter 4

1. The parameters were determined for barrier discharge plasma in
mixtures of mercury dibromide vapor and the following gases: helium,
argon, neon, krypton, xenon, nitrogen, and sulfur hexaflouride. With the
increase of the parameter E/N from 1 to 100 Td for discharge in the
following mixtures—HgBr,:He; HgBr>:Ar, HgBr»:Ne; HgBr2:N,:He;
HgBr:SFe:He;  HgBr:SFs:N>:He;  HgBr:Xe:Kr;  HgBr:Kr:He—
respectively, mean electron energy; electron drift velocity; electron
concentration; and electron temperature were in the ranges: (1-12) eV,
(74.4-10*-37.2:10% m/s, (3.9-10'7-7.8 -10'7) m3, (11,600-139,200) K;
(2.2-6.6) eB, (5.7-10*-1.4 10% m/s, (8.6:10"-3.5-10"") m?, (25,520-
76,560) K; (1-12.5) eV, (17.5:10°-29.9 10%) m/s, (6.8-10'7-3.9 -10'7) m?,
(11,600-145,000) K; (1.5-11) eV, (92.3-10*-39.1-10%) m/s, (3.9-10'—
9.1-10") m?3, (5,800-127,600) K; (1.37-10.26) eV, (53.4-1040.2-10*)
m/s, (6.1-10'7-8.1-10")y m?3, (15,892-119,016) K; (0.5-10.1) eV, (105 10*-
37.5-10%) m/s, (2.9-10'*-8-10'7) m*3, (5,800-117,160) K; (1.9-4.5) eV, (1.3
104 10%) m/s, (2.74 10'-9 10') m3, (52,432-222,836) K; (0.6-9.4) eV,
(5.3 10°-1.89 10%) m/s, (1.79 10'¥-5 10'¥) m, (6,960-109,040) K.
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2. The efficiency of elastic and inelastic electron scattering processes
in the components of gas mixtures (helium, krypton, xenon, mercury
dibromide molecules, nitrogen, and sulfur hexaflouride) was characterized
by high values. The constants of their velocities were in the range (2:1017—
1.2:1013) m3/s when the parameter E/N varied from 1 to 100 Td. To excite
the B?X")), state of mercury monobromide molecules, they reached 1-1074
m?/s in plasma in the mixture HgBr,:He, and gradually increased from 1-10°
5 to 1.5:10 m3/s in the discharge in the mixtures HgBr»:Nj:He,
HgBr,:SFe:He, HgBr2:SFe:N»:He, HgBr>:Xe:Kr, and in the plasma the
mixture HgBr:Kr:He reached 2.1-10""* m®/s in the range of values of the
parameter E/N = 10-40 Td, 54 Td and 100 Td, at which the radiation source
operated.

3. Specific losses of barrier discharge power in the excitation of
electronic states X?2"1» and B*X*} » of mercury monobromide molecules
and the excitation of the electronic state of mercury dibromide (HgBr»(D))
reached maximum values of 35 %, 14 % and 49 % at E/N = 10, 30, 40 Td;
51 %,15 % and 40 % for E/N = 13 Td, 30 Td, and 46 Td; 46 %, 15 % and
52 % for E/N =2 Td,10 Td and 20 Td; 18.9 %, 9.5 % and 35.7 % for E/N =
20 Td, 30 Td and 40 Td; 39.5 %, 13.7 % and 47.0 % for E/N = 11 Td, 23
Td and 37 Td; 52 %, 12 %, 25 % for E/N = 10 Td, 20 Td, 30 Td; 0.69 %,
0.24 %, 0.47 % for E/N = 8 Td in plasma in the following mixtures:
HgBr:He;  HgBr:Ar;  HgBra:Ne;  HgBr:N,:He;  HgBr.:SFe:He;
HgBr,:Xe:Kr; HgBr,:Kr:He, respectively.

4. Total losses in discharge power in inelastic processes: the
dissociative excitation of energy states of mercury monobromide molecules;
the excitation of vibrational energy states of mercury dibromide molecules;
the excitation of energy states of nitrogen molecules; the excitation of

vibrational energy states of nitrogen molecules; and the excitation of
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electron energy states of helium atoms increased in the values of the
parameter E/N = 1Td, reached a maximum of 90 % at E/N = 20-30 Td, and
then monotonically decreased to 50 % at E/N = 100 Td in the discharge in
HgBr;:He and HgBr»:N>:He mixtures.

5. Specific losses of discharge power in the inelastic processes for
helium atoms were noticeable for the parameter E/N>30 Td; their values for
the excitation of electronic states did not exceed 10 %; for ionization it was
20 % at the parameter E/N = 100 Td in plasma in the mixture HgBr,:He.

6. Specific losses of the discharge power in the excitation of the
electronic states of nitrogen molecules were significant only for C3I1, states
and the sum of singlet states above the threshold 13 eV. They were 5.8 %
and 3.2 %, respectively, for the parameter value E/N = 50 Td. The losses of
discharge power in inelastic processes associated with the helium atom
became noticeable at E/N>30 Td; their value for the excited electronic states
did not exceed 1 %; for ionization it was 0.8 % at E/N =100 Td in plasma
in the mixture HgBr2:N»:He.

7. Specific losses of discharge power in inelastic processes for sulfur
hexafluoride molecules and the excitation of helium energy states became
noticeable for E/N parameter values exceeding 25 Td; their values did not
exceed 6.5 % for the parameter E/N = 100 Td in plasma in the mixture
HgBr,:SF¢:He.
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1. Physicochemical regularities were revealed in terms of the spectral
and integral characteristics of the radiation of a gas-discharge plasma in
two-component and multicomponent mixtures of mercury dibromide vapor
with gases: helium, argon, neon, nitrogen, and sulfur hexafluoride, in the
range of the pump pulses:

-3,000-9,000 Hz of sub-microsecond pulse duration (0.2—0.7) ps,

- 10 Hz of nanosecond duration (30 ns) in a mixture of mercury
dibromide vapor, krypton and helium,

- with sinusoidal pumping at a frequency of 120 kHz in a mixture of
mercury dibromide vapor, krypton, xenon and helium.

In the visible range, a spectral band with maximum intensity at a
wavelength of A, = 502 nm, corresponding to the B*X";,—X?2",; electron-
vibrational transition of exciplex molecules of mercury monobromide, was
significantly allocated. There was a physico-chemical regularity of
increasing the average radiation power in this band to the maximum value,
and further, with increasing partial pressure of the components of the
mixture, a decrease.

The maximum average radiation power from a volume of 1 ¢cm® was
reached in the spectral band with a maximum at a wavelength of A = 502
nm in the four-component mixture HgBr:SFe:N>:He, with 48.8 mW/cm® +
2.9 mW/cm? at partial pressures of the components: 0.1 kPa to 70 Pa—4 kPa—
117.2 kPa, respectively.
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An increase in the partial pressure of mercury dibromide vapor to 0.8
kPa led to an increase in the average power for each mixture by an order of
magnitude.

2. An increase in the radiation power by a factor of seven in the blue-
green spectral range in plasma based on a multicomponent mixture of
mercury dibromide vapor with helium, nitrogen, and sulfur hexafluoride
was established; the mechanism for increasing the radiation power was the
increase in the population of the energy state-B?Z")2-molecules of mercury
monobromide due to the quenching of its overlying energy states C?I1;, and
D135, by sulfur hexafluoride and nitrogen molecules.

3. The efficiencies of the process of dissociative excitation of the
B2X*), state of mercury monobromide molecules by electrons in collisions
with molecules of mercury dibromide were determined. The values of the
rate constants were in the range 2-10"'7-1.6-10""* m?/s when the reduced
field strength (E/N) changed in the range 1-100 Td.

4. The rate constants of the quenching process of B2Z*»-state mercury
monobromide by molecules of mercury dibromide, sulfur hexafluoride and
nitrogen for three and four-component mixtures of mercury dibromide
vapor with gases of sulfur hexafluoride and nitrogen were within the range
(0.04 +£0.01-71.1 £ 14.2) x1071¢ m¥s.

5. The emission of exciplex mercury monobromide and xenon bromide
molecules in the visible (Amax. = 502 nm) and ultraviolet (Amax. = 281 nm)
spectral ranges at the high-frequency sinusoidal pump mode of mercury
dibromide vapor with krypton and xenon mixtures, as well as simultaneous
emission of exciplex mercury monobromide and krypton bromide
molecules in the visible (Amax. = 502 nm) and ultraviolet (Amax. = 207 nm)
spectral ranges in a mixture with krypton and helium for pulsed periodic

pumping of nanosecond duration were revealed. The formation of exciplex
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krypton bromide molecules in a mixture of mercury dibromide vapor,
krypton and helium involves the collision of krypton atoms in the
metastable state *P, with mercury dibromide molecules.

6. Parameters and characteristics of a gas-discharge plasma in
multicomponent mixtures of mercury dibromide vapor with helium, argon,
neon, krypton, xenon, nitrogen and sulfur hexafluoride for the component
composition were determined, at which the maximum values of the
radiation power in the blue-green spectral range were obtained. When the
value of the reduced field strength (E/N) varied from 1 Td to 100 Td, mean
energy and electron temperature increased from 0.5 eV to 12 eV and 5,800
K to 145,000 K, respectively.

Specific losses of discharge power in the dissociative excitation of
mercury monobromide molecules by electrons for mixtures increase with
an increase in reduced field strength. They reached maxima within the
limits: 9.5 %—15 %, 18.9 %-52.7 %, 25 %-52 % at values of the reduced
field strength in the range (10-40) Td for the electronic states of mercury
monobromide B?X',, mercury monobromide X?X'i», and mercury
dibromide (D), respectively.

7. The construction of a gas discharge cuvette is proposed, with the help
of which the efficiency of gas discharge excilamps acting on mixtures of
mercury dibromide vapor with gases will increase by 40 %.

8. The results of the research are recommended for scientific and
practical use in the development of high-efficiency sources of incoherent
and coherent radiation in the blue-green and ultraviolet spectral ranges;
expanding the database on the rate constants of the collision of electrons
with molecules and atoms; the quenching of the B?*X"),-state of mercury
monobromide molecules in a gas-discharge plasma in multicomponent

mercury dibromide vapor mixtures with inert gases, nitrogen and sulfur
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hexafluoride; and for the improvement of the theoretical models and
calculations of converting electrical energy of external sources into the

radiation of exciplex molecules.
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