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vislosti s vyvojem chemického a vybojového kyslik-jodového laseru. Byla zk-
oumana chemické disociace molekuly HI a vybojova disociace molekul CH3l
a CF3l. Hlavni diagnostickou metodou je absorpéni spektroskopie. Soucasti
prace je modelovani systému chemickych rovnic. Na zakladni ¢ast prace
navazuje zkoumani plazmatu buzeného radiofrekvenénim zdrojem v plaz-
matické trysce s dutou katodou v argonu a ve smési argonu s jodem metodou
Langmuirovy sondy.
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as—4 Small-signal gain on the laser transition
AFE  Energy gap between two electron energy levels of atoms or molecule
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Oc Collision cross section for electrons

o3_4 Cross-section of laser transition of iodine atoms
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& Speed of light



c(O2(A)) Concentration of singlet oxygen

¢(Os(tot)) Total concentration of oxygen

Cr
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Ne
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Concentration of atomic iodine evaluated from absorption spectroscopy
Atomic iodine number density

Heat capacity of reacting substance in J/mol.K

Diameter of cylindrical probe

Energy of particle

Charge of electron

Dissociation energy of C-I bond in the CH3l or CF3l molecule

Fraction of power absorbed in plasma used for dissociation of iodine
donor

Planck constant h = 6.63 x1073% Js

Enthalpy of i-th reacting substance in reaction system in kJ/mol
Todine molecule

Electron current

Electron saturation current

Measured intensity of light

Initial intensity of light

Rate constant for chemical reactions
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Introduction

Many everyday objects in our lives are connected with laser or plasma tech-
nology, which spread widely during the second half of the 20th century.

Lasers are nowadays widely used in industry (laser cutting, drilling etc.),
in diagnostics (e.g. absorption spectroscopy) as well as in medicine (eye
and skin treatment) and also in everyday objects like computer optical disc
drives, CD and DVD players, barcode scanners, laser pointers and many
more.

Plasma is nowadays used in many areas of industry — e.g. for thin layer
deposition [1], plasma etching, plasma chemistry, which are important for
the fabrication of microelectronics. Plasma is also used in electric thrusters
and is also present in some types of lasers [2]. Also some conventional
light sources use plasma. Very important area of plasma research is the
thermonuclear fusion — possibly the source of energy in the future. Study of
plasma is also connected with astrophysics, as the most matter in universe is
in the plasma state (stars, nebulas) and many plasma diagnostics methods
were first used in the astrophysics (spectroscopy).

Plasma can be created by various types of discharges: DC (direct cur-
rent), RF (radiofrequency), microwave driven discharges or there are also
plasmas sustained by particle beams. Discharges can be formed in various
gases, even in vapors of metals.

In this work I will deal with RF discharges. There are many types of
devices using RF generator as a source of energy for plasma. Among such
devices are magnetrons [3], hollow cathodes [4, 5], helicons [6] and some
more. Here we will deal with RF hollow cathode plasma jet system as is
described e.g. in [7].

Thin layer deposition using RF driven plasma is advantageous in the
case of non-conducting layers, which could in DC plasmas be charged to
high voltage, which may lead to sparking, arcing and thin layer destruction.

Many diagnostic methods have been developed for investigation of plasma
which are also helpful in investigation of lasers, such as emission and ab-
sorption spectroscopy. Many lasers also have electric discharge as a source
of energy for laser operation. One of the most important methods in plasma
diagnostics is Langmuir probe, sometimes called also electrostatic probe.

The current research in lasers is often concerned with improvement of
already existing lasers, one of the examples may be Chemical Oxygen-iodine
laser (abbreviated COIL) which is the object of research aiming to increase



laser power and to optimize its operation.

In this work I will deal with Chemical Oxygen-Iodine Laser (COIL)
and Discharge Oxygen-lodine Laser (DOIL). In these lasers, excited oxygen
molecule is the source of energy of laser and iodine atoms are the source
of radiation. Energy is transferred from oxygen molecule to iodine atom in
collision accompanied by nearly resonant energy transfer. Both production
of excited oxygen molecules and of iodine atoms present main tasks of COIL
and DOIL research.

Both COIL and DOIL are candidates for high power lasers which could
be used in industry as well as for military application (e.g. project of Air-
borne laser [8]).

This work describes laser systems of COIL and DOIL which were devel-
oped in the High Power Systems laboratory at the Institute of Physics.

In classical COIL system excited oxygen molecule serves for iodine atoms
excitation, but also for dissociation of Iy molecule which is the source of io-
dine atoms. Alternative schemes are developed to save energy consumed by
dissociation process by producing iodine atoms in different way. Alternative
ways can use chemical methods as will be seen in the chapter 2 or discharge
methods as will be described in the chapter 3. This work is mainly con-
cerned with dissociation of different molecules containing iodine, chemical
way of dissociation of HI and discharge way of dissociation of CHsl and
CFsl molecules are described.

Part of my work was also modeling of chemical reactions by the method
of 1-D chemical kinetics. Reaction system contained three source molecules:
Fs, NO and HI and several product molecules. This will be described in the
section 2.4.4 in the chapter describing the COIL system.

As the continuation of the research of COIL and DOIL systems this work
also contains third object — a study of the plasma created by the hollow
cathode plasma jet system in argon and in mixture of argon with iodine Iy
which will be described in the chapter 4. Hollow cathodes are devices which
serve for efficient thin layer deposition and plasma etching.

Diagnostic method for the hollow cathode plasma jet system is Langmuir
probe, from I-V characteristics of which we can obtain basic plasma param-
eters like plasma potential, electron temperature, concentration of electrons
and ions and also distribution function of electrons.

Hollow cathode plasma jets are used for efficient thin layer deposition.
In this work the effect of both the presence of radiofrequency signal and de-
position of the material sputtered from the cathode on the probe surface are
examined. Also the presence of electronegative iodine changes the discharge
characteristics, comparison of Langmuir probe I-V characteristics measured
in argon and in argon with iodine admixture will be presented.



Chapter 1

Theory

In this chapter I will introduce some basic theory concerning the main stud-
ied phenomena — laser operation, plasma theory and diagnostic methods
such as optical spectroscopy and Langmuir probe method.

1.1 Laser

1.1.1 Basic laser properties

Laser is a device producing coherent radiation. Its name is the abbreviation
of ”Light amplification by stimulated emission of radiation”. Many types of
lasers exist nowadays which are able to produce radiation of various energy,
on different wavelengths and of different beam quality.

Very extensive laser theories can be found e.g. in textbooks written by
Silvfast [9], Siegman [10] and Svelto [11] and history of laser development
together with leading ideas of interaction of radiation with matter can be
found e.g in article by Hecht [12].

In the laser theory, the very fundamental process is the stimulated emis-
sion of radiation. First theories involving stimulated emission were formu-
lated by Albert Einstein in 1916. Three types of interactions of light and
matter were described: absorption, spontaneous emission and stimulated
emission.

When matter absorbs light, its energy is increased and excitation or
ionization can occur. Spontaneous emission occurs when electron in excited
atom or molecule undergoes transition to lower energy level and quantum
of light (photon) is emitted.

Stimulated emission is the process, in which the electron also undergoes
the transition to the lower energy level, but this time the transition is not
spontaneous, but is stimulated (i.e. cased) by incident photon with the same
energy as is the gap between higher and lower energy level of excited particle.
Emitted photon is then coherent with the incident photon (has the same
wavelength and the same phase).

Excited states of atoms and molecules are characterized by radiative
lifetime, which describes how long can the excited particle last before tran-
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Energy

Laser radiation

Active medium :>

Photon paths;

~

Resonator mirrors

Figure 1.1: Scheme of classical laser device showing main parts of laser
system, notably source of energy for laser, active medium which is the source
of radiation and resonator which is most often formed by two mirrors with
reflectivity over 99%.

sition to lower state occurs. There are two types of energy levels of atoms
or molecules — resonant states with very short radiative lifetime (typically
nanoseconds) and metastable states with quite long radiative lifetime (mil-
lisecond and longer). Metastable states can last for long times because
transitions to the lower state are forbidden by selection rules.

From another point of view radiation by spontaneous emission can be
described as originating from electric dipole transition. Radiation accom-
panying forbidden transition is usually originating from electric quadrupole
or magnetic dipole transitions. Forbidden transitions are much slower than
the allowed ones and radiation from them is usually much weaker.

Lifetime of excited particles can be shorter than radiative lifetime if there
are collisions with another particles. Collisions can also lead to non-radiative
decay of excited states.

1.1.2 Parts of laser

Classical lasers consist of three main parts: active medium, source of energy
and resonator or amplifier (optical feedback element) as is shown in figure
1.1. Most of the lasers contain all three parts, there are only few exceptions
like free-electron laser (FEL), but we will not deal with them.

Particles present in active medium of laser (atoms or molecules) are
excited by delivered energy from some energy source. If the concentration of
excited particles is high enough, then the population inversion is attained.
Population inversion occurs when there are more particles in the excited
state than in ground state and the medium is no longer in thermodynamic
equilibrium.

11
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Figure 1.2: Three-level system (on the left) and four-level system (right)
showing two main lasing schemes present in active medium. Four-level sys-
tems are capable to work in continuous regime, three-level systems can work
in pulsed regime only.

Active medium in laser is the mixture of particles in different energy
levels, while most important are three or four levels (which sometimes may
consist of more sublevels).

Lower energy level often corresponds with ground level of particle. From
the point of view of energy levels involved in pumping and laser action we
distinguish three level laser system and four level laser system (see figure
1.2). In three level system the lower level of the laser corresponds to ground
level of the atom or molecule and it is also the level from which pumping
occurs.

In the four-level laser system the lower pumping level is different from
the lower lasing level. Four level laser systems often have nearly empty lower
lasing level, so the population inversion is easier to obtain. Three-level lasers
can work only in pulsed regime. Four-level lasers can work in continuous
regime, but can be also operated in pulsed regime.

Energy sources of laser are of very wide range. Mostly used is electric
current, light produced by either lamp or another laser, chemical reaction
etc. Energy must be supplied to the medium to create and sustain popula-
tion inversion.

Active medium of laser is sometimes called gain medium, because when
radiation on the same wavelength as is the laser transition going through
through this medium shows not absorption, but gain which means that the
light traveling through the medium is amplified.

Similar term is small-signal gain, which is gain in the medium measured
when the signal traveling through the medium is far from the saturation
intensity for the laser medium. Before reaching saturation, signal increases
exponentially with distance, after that the increase is slower. Small-signal
gain is therefore theoretical gain when saturation is not taken into account
[10].

As a laser optical feedback usually serves resonator formed by two highly

12



reflective mirrors between which the light is traveling many times. One of
the mirrors is less reflective than the other allowing part of the light to leave
the system (so called output coupling).

1.1.3 Laser types

Lasers can be divided into many categories, e.g. according to their power,
the state of active medium, wavelength, the source of energy, or if they are
pulsed or work in continuous regime.

Lasers can radiate in very wide range of wavelengths from millimeters
to nanometers and also in very wide range of powers from milliwatts to
megawatts and even to higher energies in pulsed lasers.

Very important is division according to the state of active medium. We
have solid state, liquid state and gas lasers.

Solid state lasers have solid state material as active medium. Examples of
such lasers is ruby laser (one of the first lasers), titanium sapphire, yttrium-
garnet (YAG), neodymium doped crystals or glass (e.g. Nd:YAG laser), fiber
lasers or huge group of semiconductor lasers. Such lasers are used in many
areas of industry, medicine and science. Some of these lasers can reach very
high power.

In the category of liquid state lasers there are dye lasers, which have some
organic dye as active medium which is dissolved in water, ethanol, or some
other dissolving agent. Examples of such dyes are rhodamine, coumarine,
stilbene. These lasers are tunable over a wide range of wavelengths and are
capable to reach high energies usually in pulsed mode. The disadvantage is
the degradation of organic materials with time. They are used in medicine,
spectroscopy and another areas.

Gas lasers have gaseous active medium which has quite low density com-
pared with solid or liquid state lasers. Optical pumping (i.e. by radiation)
is usually ineffective, so such laser are often pumped by electric current or
chemical reactions, sometimes also by the light of another laser [11] (chap-
ter 10). Examples of gas lasers are helium-neon laser, argon ion laser, COq
laser or group of excimer lasers [13]. Also these lasers are used in industry,
medicine and science, e.g. CO2 laser can reach high powers and is used in
industry for cutting and drilling.

Chemical lasers present a special group of gas lasers pumped by chemical
reaction. There can be various mechanisms of energy transfer from chemical
reaction to active medium excitation. Basically can excited particles created
in the chemical reaction be used either directly as lasing species or they can
transfer their energy to another particle in collisions [14].

Extraction of energy from chemical reaction proves to be highly efficient
in laser pumping and quite high energies can be achieved. Chemical lasers
therefore belong to the group of high energy lasers and most of them are
scalable i.e. can reach higher energy (or power) of laser when using bigger
device.

13



Most of the chemical lasers operate on the transition between vibra-
tional or rotational states, but some of them (e.g. Chemical Oxygen-Todine
laser — abbreviated COIL) works on transition between electronic energy
levels. COIL has shorter wavelength than the lasers working on vibrational
or rotational transitions. Most chemical lasers operate in infrared part of
spectra.

Example of chemical laser is HF (hydrogen fluoride) laser and DF (deu-
terium fluoride) laser operating on wavelengths between 2.7 and 2.9 pum
(HF) and between 3.6 and 4.2 ym (DF) respectively, and COIL (chemical
oxygen-iodine laser) operating on a wavelength 1315 nm.

1.2 Plasma

1.2.1 Basic plasma theory

Plasma can be simply described as an ionized gas, in which the concentration
of charged particles (ions and electrons) is high enough to influence the
behavior of the medium especially in the presence of electric or magnetic
field. Most plasmas studied in laboratories contain positive ions, electrons
and neutrals. In this work we deal with plasma containing besides neutrals
and electrons only singly charged ions, although in some plasmas multiply
charged ions can also play important role, especially in higher temperature
plasmas.

Textbooks dealing with plasmas and their properties are written e.g. by
Raizer [15], Chen [16, 17] or Lieberman [18] and they describe the behavior
of plasma in different situations.

Charged particles are created in plasma in a process called ionization —
electron leaves neutral atom or molecule and the result is the pair of positive
ion and electron. In formula (1.1) ionization by electron impact is shown. In
some types of plasmas negative ions are also present. They are created by
a process called attachment, in which the free electron is caught by neutral
particle and they form negative ion. Process of attachment is shown in (1.2).

Ate— AT +2¢ (1.1)
A+e— A~ (1.2)

Plasmas are quasineutral — number of negatively charged particles (elec-
trons and negative ions) is approximately the same as the number of pos-
itively charged particles. Near the walls the quasineutrality is violated by
the wall bias and sheath is created to shield the bulk plasma from the elec-
tric field in the vicinity of the wall. The size of sheath is usually calculated
as approximately the screening length called Debye length defined in (1.3)
which depends on the temperature and the density of particles. Here g
is the permittivity of vacuum, e is the charge of electron, T, is electron
temperature and kp is Boltzmann constant.

14
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Neutral particles as well as ions can be in excited state. Deexcitation is
accompanied by radiation characteristic for that particular atom or mole-
cule. Radiation coming from plasma is examined by emission spectroscopy
method.

Particles in plasma interact by electric forces or in collisions. Collisions
of particles can be elastic (state of particles is not changed) or inelastic such
as collisions leading to excitation or ionization. Frequency of collisions is
very important parameter of plasma.

As electrons are the fastest species, their collisions with ions and neutrals
are of the importance. In some types of plasma, electron collisions with
neutrals are of the most importance, while in another types (higher density
plasma), collisions of electrons with ions are of importance [17]. In plasmas
described in this work the collisions of electrons with neutral particles are
occurring more often than the collisions of electrons with ions. Collisions of
two electrons can be usually neglected.

Often used quantity is mean free path as defined by (1.4) which presents
the length the electron with velocity ve can travel without collision.

1 v

Ae = Neoe (V) - nve(v) (L4

here v is velocity of electron, n is the density of particle with which
electron is colliding (electrons, ions, neutrals etc.) and o, is the cross section
of momentum transfer and v, is frequency of collisions. The shortest mean
free path should be for collision of ions with electron as there is attracting
force between them.

Movement of one kind of particles can be described by distribution func-
tion [19]. Plasma in equilibrium would contain particles having the same
energy corresponding with the temperature of the medium. In real plasmas
light electrons and heavier ions and neutral do not exchange much energy,
so there are usually several groups of different particles, each set having its
own distribution of energies.

In equilibrium, Maxwell distribution shown in equation (1.5) takes place.
We can then define the temperature of the particles.

f(EB) = (&)3/2 exp ( ka> (1.5)

In cold laboratory plasmas there is usually not equilibrium between ions
and electrons, as they do not exchange much energy in collisions due to their
very different mass. So electrons can be described as having temperature 7,
and ions having temperature 7T; and usually T; < T..
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Another important plasma parameter is plasma frequency defined in
(1.6) for electrons (wpe). For plasma frequency of ions wy,; similar relation
holds, but electron density and mass (n. and m,) are replaced by that of
ion (n; and m;).

2
wpe = || < (1.6)

E0Me

Concentrations of electrons and ions are comparable in quasineutral plas-
mas, but masses of particles differ usually by four orders of magnitude.

1.2.2 Electronegative plasma

Part of the experiments was performed in plasma containing some iodine
molecules like CH3I, CF3l or Is. Iodine is electronegative element and tends
to form negative ions.

Electronegative plasma is a plasma in which the negative ions play im-
portant role. In some types of plasma, density of negative ions can be even
greater than the density of electrons [20]. Because of plasma quasineutrality,
concentration of singly charged negative ions plus concentration of electrons
is equal to the concentration of singly charged positive ions in bulk plasma.

Negative ions are created by attachment (1.2) of electron to neutral
particle, electron can leave neutral ion in a process called detachment or
by recombination in collision with positive ion. Attachment to molecules
is often dissociative i.e. leads to the dissociation of molecule. In iodine,
negative ions are usually formed by dissociative attachment as is shown in
(1.7).

Iy+e— 1" +1 (1.7)

Electronegative plasmas are created in electronegative substances whose
atoms have high electron affinity. Such substances are e.g. hydrogen, oxygen
or halogens (fluorine, chlorine, iodine).

Behavior of particles in electronegative plasmas was measured and mod-
eled [21, 22]. Models of such plasmas show, that very often the bulk plasma
far away from walls is electronegative with negative ions as an important
species [18]. Nearer to the walls there is the layer, which is electropositive
i.e. contains only positive ions and electrons and then there is normal sheath
at the wall [23].

When negative ions are formed from neutral particles, free electrons are
consumed in this process and can no longer serve for ionization of neutral
particles. This leads to lower stability of electronegative plasmas, especially
at ignition stage [24, 21].
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1.2.3 Radiofrequency discharges

Radiofrequency is generally defined as a rate of oscillations with frequency
from few kHz to hundreds of GHz. Most often plasma sources (RF gener-
ators) work on frequency 13.56 MHz or 27.12 MHz. For special purposes,
e.g. when driving the atmospheric pressure dielectric barrier discharge (ab-
breviated DBD), the generator frequency can be however only a few kHz.

Frequency w of RF generator working as a plasma source is such, that
plasma frequency of electrons wy. as defined in formula (1.6) is higher than
the driving frequency and this is higher than the plasma frequency of ions
Wpi -

Wpe > W > Wp; (1.8)

This means, that while electrons can follow the changes of electric field,
ions cannot do this and they follow only slower changes. This effect is most
pronounced in sheaths.

Radiofrequency discharges are of two types — capacitively coupled and
inductively coupled. Capacitively coupled discharges are usually created
between two plates or by hollow cathode nozzle, while inductively coupled
discharges are created by coil usually positioned around the discharge cham-
ber.

Particles in RF discharges are not in equilibrium, so the distribution
function usually substantially differs from Maxwellian distribution. Review
article by Goedheer [25] describes the basic parameters and behavior of
capacitively coupled radiofrequency plasma.

Radiofrequency discharges are usually connected with RF generator through
the impedance matching circuit. It is because the impedance of the genera-
tor (usually around 50 Q) is different from the impedance of discharge. To
deliver as much power as possible to the discharge and to prevent reflection
back to the generator which can cause overheating, impedance matching
circuit is employed [26, 27].

1.3 Diagnostics

Here the spectroscopy and Langmuir probe diagnostics will be described.
Both these methods were used for diagnostics in our experiments.

1.3.1 Optical spectroscopy

Spectroscopy is diagnostic tool which uses radiation as a source of informa-
tion about concentrations and temperatures of particles in gaseous media
[28]. It can be divided into absorption and emission spectroscopy.
Absorption spectroscopy is an active method which uses light passing
through the plasma as a source of information. By this method, concen-
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trations and temperatures of mostly ground-state but also excited state
particles can be obtained.

When light passes through the material, its intensity is changed. When
absorption occurs, then it is proportional to the concentration of absorbing
species and also on the path which light travels in the measured medium.
This is so called Beer-Lambert law:

EA exp(—ecy, L) (1.9)
Jo

Here J is the detected intensity and Jy the initial intensity of the light
traveling through the medium, € is extinction coefficient in the medium, ¢,,
is the concentration of particles in medium and L is the length the light
travels through medium.

Emission spectroscopy is a passive method dealing with radiation coming
from plasma. By this method, concentrations and temperatures of particles
in excited states can be obtained.

Different atoms and molecules have different energy levels and can be
identified by their radiation whose energy is determined by the energy gap
between two energy levels AE as can be seen in (1.10). Energy levels in
molecules are of three types — electronic, vibrational and rotational [29].
Atoms have only electronic energy states [30].

AE = hy = % (1.10)

In the spectra we can usually find spectral lines belonging to certain
transition in the atom or molecule. We can however find parts in which
we can distinguish no single lines. These are so called continuous spectra.
They can arise either from molecular spectra when the lines are too wide
and overlap, or this can be effect of so called bound-free transitions such
as ionization and recombination, and free-free transitions which denote the
changing of the electron velocity and momentum in the vicinity of atoms or
molecule (so called bremsstrahlung) [31].

Radiating particle in plasma is usually affected by another particles and
its movement in the medium also plays important role. This leads to the
broadening of spectral line.

Two most important effects which broaden the spectral line are Doppler
broadening and pressure broadening. Doppler broadening is the result of
movement of emitting particles in different directions (random movement in
which the mean velocity of particles depends on temperature). This broad-
ening is inhomogeneous and results in Gaussian line-shape of the spectral
line.

Another source of broadening is the effect of another particles in medium
affecting radiating particles due to the collision or electric force. This is
collisional (or pressure) broadening which is homogeneous and is leading to
Lorentzian profile of the spectral line.
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Width of peak with Gaussian shape is a function of temperature and of
Lorentzian shape is a function of pressure. Combined pressure and Doppler
broadening form spectral line with Voigt profile. From Voigt profile Gaussian
and Lorentzian profile can be calculated by deconvolution.

If the pressure broadening can be neglected, gas temperature can be
calculated from the full width at half maximum (FWHM) of spectral line
from the Gaussian profile:

8kpT In2
Adg =/ B2, (1.11)

mc

In hot plasmas also the relativistic effects influencing the spectral line-
shape need to be taken into account.

1.3.2 Langmuir probe

Langmuir probe (also called electrostatic probe) is a conducting object in-
serted into plasma and biased with respect to another electrode i.e. it is bi-
ased with respect to plasma. By changing probe bias and recording current
through the probe circuit we can obtain Langmuir probe I-V characteristics
[32, 33]. From the probe I-V characteristics we can obtain plasma potential,
floating potential, electron temperature and electron and ion densities.

The typical shape of I-V characteristics in a plasma consisting of just
electrons and one kind of positive ions (and also neutrals) is shown in figure
1.3. This shape is mainly determined by different masses and therefore
different velocities of light electrons and heavy ions.

- Plasma potential

i \

Floating potential

Current [mA]

P - -

Voltage [V]

Figure 1.3: Typical shape of I-V characteristics of the Langmuir probe
arising from different masses of electrons and ions. Ion saturation current
(shown on the left) is exaggerated here.
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We can distinguish three main parts of I-V characteristics. On the far
left the bias of probe is negative and probe draws ion current. This part is
called ion saturation current.

When rising bias, more electrons can reach the probe and when the
currents of electrons and ions are equal, probe draws no net current. Bias
of the probe when this condition is reached is called floating potential.

For higher bias of probe transition region is reached. Probe draws more
electrons than ions, but is still repulsive to electrons. For Maxwellian plasma
the dependence of electron current I, on probe bias is exponential in this part
of I-V characteristics (equation (1.12)). From this part of characteristics,
electron concentration and temperature can be obtained as well as electron
distribution function.

V=Vp)

e
I. = 1I.sexp T (1.12)
e

Plasma potential V), is reached when probe attracts neither ions nor
electrons. Only random currents are then reaching the probe. In the case of
Maxwellian distribution, plasma potential can be calculated also from the
floating potential position according to equation (1.13).

ksT, [ 2my
Vi=V,— "2 ln< m> (1.13)

2e TMe

For bias higher than plasma potential electron saturation current is
reached. In many experiments however electron current does not saturate,
partly because of the sheath expansion around the probe. Higher probe
voltage also means that plasma is more disturbed by the presence of the
probe as it causes the drain of particles from plasma.

Typical shapes of Langmuir probe can be either spherical shape, cylindri-
cal or planar. Most often used is cylindrical probe being just a wire inserted
to plasma, so it is easier to construct.

Spatial resolution of a Langmuir probe is roughly determined by Debye
length defined in (1.3) or by the dimension of Langmuir probe, whatever is
greater. Temporal resolution is approximately determined by the reciprocal
value of plasma frequency for ions as is defined in (1.6) [34].

Several theories describing particle collection for different conditions were
created [35]. Main parameters are mean free path as defined in equation
(1.4), Debye length as defined in equation (1.3) and size of the probe [36].

Classical Langmuir probe theory as well as orbital motion theory (OML)
assume collisionless movement of particles, i.e. mean free path of particle is
much larger than the probe dimension. These theories differs in assumed
sheath thickness, classical Langmuir theory deals with thin sheath (smaller
than the probe dimension A.; > R, > Ap), orbital motion theory deals
with thick sheath (A\¢; > Ap > R)).
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In OML regime, ion and electron currents in acceleration regime are
proportional to the square root of probe bias V when the ion temperature
is neglected [37].

Using Druyvesteyn method [38] we can calculate electron energy dis-
tribution function (EEDF) from second derivative of the electron current
obtained from probe characteristics as is shown in (1.14). Here S is the
probe surface.

f(E) =

2me <2e(Vp - V))m d’I. (1.14)

e2S Me dVv?2

Shape of EEDF is important parameter of plasma indicating presence of
some processes which can take place in plasma as well as the non-equilibrium
condition. For equilibrium conditions the distribution is Maxwellian, in
some gases like argon we can encounter double-Maxwellian distribution with
two groups of electrons having different temperatures [39]. Druyvesteyn
distribution can be also often observed in many types of discharges.

From EEDF (here denoted f(F), E being electron energy) we can obtain
electron density and temperature as can be seen in (1.15) and (1.16).

ne = /OO f(E) dE (1.15)
0

2 [ 2
Tyeofs = 3/0 E f(E)dE =3 <E > (1.16)

Process of calculation of EEDF including smoothing of measured I-V
characteristics is discussed e.g. in [40].

When measuring with Langmuir probe we must be aware of detrimental
effects which can cause probe I-V characteristics distortion and to erroneous
evaluation of plasma parameters.

As will be described in later parts of this work 4.3, Langmuir probe
diagnostic data can be affected by noise [41] and because of the probe char-
acteristics nonlinearity, this effect can cause changes in I-V characteristics
which make obtaining plasma parameters complicated or even impossible.

Probe operation can also suffer from thin layer deposition on the probe
tip or on the insulating probe holder. We will deal with this problem in the
chapter 4 dedicated to hollow cathode.

In electronegative plasmas the situation is even more complicated as neg-
ative ions affect the plasma behavior [42, 43]. Some theoretical description
of positive ions collection by the probe in electronegative plasmas can be
found e.g. in [24].
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Chapter 2

COIL — chemical
oxygen-iodine laser

2.1 Introduction

Chemical oxygen-iodine laser (COIL) radiates on the wavelength 1315 nm
(near infrared region). Radiation around this wavelength is not absorbed by
atmosphere and can also easily propagate through optical fibers so it has this
advantage over other chemical lasers which radiate on longer wavelengths
and whose radiation is strongly absorbed by atmosphere. The reason of the
shorter wavelength is that COIL works on the electronic transition while
other chemical lasers use transitions between rotationally or vibrationally
excited levels [44].

COIL is powered by energy from chemical reactions and can reach high
power with the possibility of scalability i.e. reaching higher power with bigger
devices.

COIL was originally operated in subsonic regime, but nowadays the
important part of system is supersonic nozzle for gas cooling and for en-
hancement of population inversion as in gas-dynamic lasers [45]. Supersonic
regime helped to decrease the size of laser system which is advantageous for
practical COIL operation.

First chemical oxygen-iodine laser (COIL) operation was described in
article of McDermott et al. [46]. Previous to this discovery, there were
iodine lasers pumped by electric discharge [47] or iodine photodissociation
laser [48].

Research activity in our group was aimed at improving COIL operation
by using different chemicals as a source of iodine atoms and different ways
from classical COIL system to obtain singlet oxygen and atomic iodine. This
included modeling of chemical reactions and building new types of devices
and also trying of electric discharge for dissociation of iodine molecules. The
term ”atomic iodine” here means iodine atoms as opposed to ”"molecular
iodine” meaning iodine molecules.

In this chapter, many chemical reaction are described and shown with
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Figure 2.1: Energy levels of atomic iodine and molecular oxygen showing
the vicinity of higher energy levels of (both metastable) of these particles
[45, 49].

their rate coefficients. Units of rate coefficients are either cm® molecule™!
s~ (often written only as cm® s7!) in the case of reaction of two particles
or cm® molecule™2 s! (often written as cm® s™!) in the case of reaction of
three particles. In the case of particles reacting (e.g. being quenched) on
the wall, rate constant has unit s~'. In later text the units of rate constants

will be omitted.

2.2 COIL system

In COIL system, two particles are of importance [49]. First one is singlet
oxygen molecule O2(*A) (more accurately denoted as O2(a'A,)) which is the
first excited state of oxygen molecule and is metastable with extremely long
radiative lifetime some tens of minutes [50]. O2(*A) is the source of energy
for the laser. Second particle of interest is excited iodine atom I(2P; /2)
which is the lasing particle of COIL i.e. is the source of laser radiation.

In figure 2.1 the energy levels of molecular oxygen and atomic iodine
are shown. The similar size of energy gap between ground and first excited
states of these particles enables nearly resonant energy transfer from O (1A)
to I(*P/) which is the ground state of iodine atom.

Radiation of the COIL comes from magnetic dipole transition between
two electronic energy levels of iodine atom as is described in (2.1).

I(*Pyj3) = I(*Py9) + hv (2.1)

This transition actually involves six transition between hyperfine energy
levels (see figure 2.2) [51]. Ground state I(*Py/5) has four hyperfine en-
ergy levels and I1(2P, /2) has two hyperfine energy levels present without the
magnetic field. The strongest of the six transitions is 3—4 transition in this
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Figure 2.2: Manifold of energy levels of first excited and ground state of
iodine atoms showing the six different transitions lines, the strongest (3-4)
being the laser transition of COIL. With the presence of magnetic field even
more energy levels are present due to the Zeeman effect and more transitions
are then possible [51].

spin-orbit manifold of the 2P ground term of iodine atom. Magnetic dipole
transition presents forbidden transition and I(*Py /) is metastable state [52].

Singlet oxygen Oz('A) state has energy 0.98 eV higher than the ground
state and the difference between ground state of iodine (2P /2) and excited
state I(2P, /2) is 0.95 eV. Principle of pumping of COIL is the near resonant
transfer of energy between singlet oxygen molecule O2(*A) and iodine atom
in ground state I(*Ps/5) as can be seen in reaction (2.2) and also in [53].
02(3%) is the ground state of oxygen molecule.

I(*Pyj5) + O2(*A) <+ I(Py ) + 02(*%) (2.2)

Reaction (2.2) has rate constant k = 7.8 x 10 ~'! at temperature 298 K.
This rate coefficient actually contains two reaction rates for forward (ky)
and backward (k) direction [45].

kp=233x10"%/T
ky = 3.1 x 1078 exp(—403/T)

Rate coefficients of the reaction (2.2) depend on the temperature. Lower
temperatures are more advantageous for the laser operation, because the
equilibrium of reaction (2.2) is shifted towards the excited iodine atoms (k
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is smaller) and the lasing threshold is lower (i.e. lower amount of singlet
oxygen is necessary to obtain laser radiation).

Coefficients ky and k;, together can be written in the form of equilibrium
rate constant (2.3) which describes the pumping of the iodine. Number 402
in exponent is the difference of energies of Oz(*A) and I(*P; 2) in Kelvins.

k 402
Koy = ?ﬁ = 0.75 exp (T> (2.3)

Production of singlet oxygen is very important process in COIL and is
affecting the laser operation. Singlet oxygen yield Ya is calculated as the
part of oxygen molecules produced in Oz(*A) state compared with the all
produced oxygen molecules [54]. In following equation (2.4), ¢(O2(A)) is the
concentration of singlet oxygen and c¢(Oz(tot)) is the overall concentration
of oxygen molecules.

_ 02(4))

Ya = c(Os(tot))

(2.4)

From K., and YA a theoretical small-signal gain of active medium can
be calculated using equation (2.5).

(T [(2Keq +1)Ya — 1]
o= (1) o e 2

In this equation as—_4 is the gain which can be calculated from measured
data, 03_4 is the cross section of laser transition of iodine atoms and K¢, is
equilibrium constant of energy pumping as defined in equation (2.3).

Comparison of measured and calculated small-signal gain can show dis-
crepancies and can reveal some unpredicted and unnoticed but important
reaction (or reactions), whose effect makes theoretical gain different from
the measured one. Such reaction is often detrimental and the measured
gain is then smaller then the theoretical one [55].

2.2.1 Iodine dissociation

In the classical COIL system iodine molecules Iy are dissociated by the
collisions with a several singlet oxygen molecules. One O('A) molecule
does not carry enough energy to dissociate Iy, but it can excite it to higher
state, which is then easily dissociated by another O2(!A) molecule [56, 57].
Overall process of dissociation can be described by reaction (2.6), but what
particular processes it involves is yet uncertain, probably it involves higher
excited states of both oxygen and iodine molecule [49]. At normal conditions
usually between 4 and 6 oxygen molecules are used for dissociation of one
iodine molecule.

I +n0y(*A) = 2T + nO5(3%)  n

|

W
|

(@)}

(2.6)
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The classical COIL system therefore contains singlet oxygen generator
and the source of iodine vapors. Singlet oxygen and Iy molecules are then
mixed together and iodine dissociation as well as excitation of iodine atoms
takes place. Mixing occurs usually in the vicinity of supersonic nozzle which
cools down the gas and enhances population inversion in laser medium.
Lower temperature means lower threshold for laser generation and higher
extractable laser power.

Part of the energy carried by O2('A) molecules is used for I dissocia-
tion and cannot be used for laser pumping. To save the energy of Oz(1A)
molecules for laser pumping, the possibility of iodine production prior to its
injection to the O2(tA) flow was examined.

Advantage of this proposition is not only the saving of O2('A) energy
for laser pumping, but also that other molecules containing iodine such as
HI, CH3l etc. can be used.

Using predissociated iodine (iodine atoms) also improves the mixing,
because of lighter particles present in the gas flow and it is beneficial to
gain media homogeneity. Is molecule is actually most easily obtained and
cheapest and by its dissociation two iodine atoms are obtained, but it has
also many disadvantages.

Problems with Iy are that it is solid at normal conditions and must be
heated to obtain high enough gas flow, also substantial part of experimental
device must be heated to temperatures about 80 — 100 °C to prevent iodine
precipitation. Iodine is also highly corrosive and Is is also strong quencher
of excited iodine atom I(*P ;) as can be seen in reaction (2.7) [58].

ICPyg)+ 1o > I(*Pyp) + 1, k=35x10"" (2.7)

Even when we use another molecule than Is, we must be aware that
iodine atoms recombine to I and the problem remains, though it is not so
severe.

For efficient laser operation it is necessary to have partial pressure of
oxygen and iodine high enough, so that there is high enough density of
iodine atoms at least 105 cm™3.

In the course of the COIL research, different ways of producing both
the singlet oxygen or the atomic iodine were investigated. Because this
work deals predominantly with atomic iodine production, singlet oxygen
generation will be mentioned only shortly.

Dissociation of different molecules containing iodine can be achieved by
chemical way, by photolysis or by electric discharge. Here we will deal
with dissociation by chemical way, in next part 3 of this work the discharge
methods will be described.

Two possible ways of both species production are now most often used.
Chemical methods will be described in this chapter and discharge methods
in the next chapter.
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2.3 Singlet oxygen

Singlet oxygen as a source of energy for COIL is very efficiently produced
by chemical way in reaction of basic hydrogen peroxide (BHP) with chlorine
Cly. Basic hydrogen peroxide is the solution of mixture of KOH (NaOH can
also be used) and hydrogen peroxide H2Og in the water. BHP is a liquid
and chlorine Cls is a gas, so efficient mixing presents one of the fundamental
tasks of singlet oxygen generator construction.

Reaction (2.8) presents the overall reaction taking place in the mixture
of chlorine and BHP in which singlet oxygen Oz(*A) is produced

Cly 4+ Hy05 +2KOH — 2KCl + 2H50 + 05(1A) (2.8)

Water produced in this reaction as well as KCI salt can complicate laser
operation, because water is quite strong quencher of excited species and KCI
is solid and tends to form layers inside the tubes which may lead to choking
of the tube.

Actually reaction (2.8) involves HO, molecule created in the BHP, so
the singlet oxygen generation can be described by the reaction (2.9).

Cly + HyOq + 2HO5 — Oo(*A) + 201~ + 2H,0 (2.9)

Singlet oxygen has very long radiative lifetime, but can be quenched in
collisions. With higher pressure loss reactions have greater effect. O2(1A)
can be quenched in reactions with another O(*A) (2.10) producing oxygen
molecule in higher and lower energy level (so called pooling), also two singlet
oxygen molecules can be quenched in the collision to the ground state (2.11)
or singlet oxygen can collide with ground state oxygen molecule (2.12) or
with water molecule (2.13) [54, 59].

O2(*A) + 02(*A) = 02(°%) + 02('%) k=27x10"17 (2.10)
O2(*A) 4+ 02(1A) = 20,(3%) E=1.7x10""7 (2.11)
O2('A) + 02(3%) — 205(3%) k=4x10"18 (2.12)
O2(*A) + HyO — O9(3%) + Hy0 k=4x10"18 (2.13)

Higher excited state of oxygen Oo(!X) can collide with water molecule
as is shown in reaction (2.14) to partly repopulate singlet oxygen.

Oy('2) + HyO — Oo(*A) + H,O  k=6.7Tx10""? (2.14)
For successful COIL laser operation, yield of the singlet oxygen must have
threshold value Yy, greater than (2K.,+1)"! [49]. Because equilibrium rate

constant K., depends on temperature, with lower temperature the threshold
yield necessary for COIL operation is lower.
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2.3.1 Singlet oxygen generators

Main aim of chemical singlet oxygen generator (SOG) construction is to have
the maximum area of contact of liquid and gas phase and very thin layer of
liquid so that Og(*A) can leave liquid phase without being quenched.

Several types of singlet oxygen generators were designed by different
COIL groups to maximize oxygen yield and minimize the detrimental side-
effects [45]. In article by Spalek et al. [59] we can find comparison of singlet
oxygen generators of various types, such as wetted wall SOG, jet SOG,
centrifugal bubble SOG etc.

The most recent are spray type generators [60]. They use nozzle which
forms small droplets of BHP interacting with gaseous Cly. Such generator
is capable to produce singlet oxygen with high partial pressure of tens of
kPa. The disadvantage of this SOG is the high content of water vapor in
the gas flow leaving generator. Very important part of some spray SOGs is
separator, which separates water droplets from the flow of oxygen.

Diagnostics of singlet oxygen generator involves oxygen yield calcula-
tion from reaction (2.4), singlet oxygen Oz(*A) concentration is measured
by emission spectroscopy at the wavelength 1268 nm. Behind the singlet
oxygen generator, concentration of residual Cly is measured by absorption
on the wavelength 345 nm. From measured data, chlorine utilization can
be calculated, which is important parameter of singlet oxygen generator. In
our laser experiments jet type SOG was used as described e.g. in [61], with
singlet oxygen yield . New spray-type singlet oxygen generator was also
built [62, 63, 64].

2.4 Chemical generation of atomic iodine

In classical COIL system part of singlet oxygen molecules is employed for Iy
dissociation and is therefore lost as a source of energy for the laser. The obvi-
ous idea of improvement of laser operation is to use atomic iodine produced
before its injection into the flow containing Oz(*A). Iodine pre-dissociation,
according to calculations, can increase laser power by up to 25 % [65, 66].

The chemical way of producing atomic iodine was proposed in our group,
this method consists of using hydrogen iodide HI as a donor molecule of
iodine. HI molecules should react either with chlorine atoms Cl or fluorine
atoms F to produce iodine atoms I [67, 68].

Chlorine or fluorine atoms are produced from ClOs or Fo molecules re-
spectively in reaction with nitrogen oxide NO [69].

COIL system with atomic iodine generation from HI is shown in figure
2.3. In the fist stages the experiments are performed without the presence
of singlet oxygen, in that case flow containing Oy(*A) is replaced by the
flow of nitrogen No. With Ny flow atomic iodine concentration is measured,
while with the presence of Oz('A) either small-signal gain is measured or
laser experiments are performed.
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Figure 2.3: COIL scheme with chemically generated atomic iodine. On the
left there is classical singlet oxygen generator, effluent from the generator
flow to the supersonic nozzle. Then to the singlet oxygen flow molecules NO
and ClOj or Fg are introduced and also later iodine donor (HI in our case).
Alternative scheme is possible in which the the iodine atoms are generated
separately and then injected into the singlet oxygen flow.

For experiments involving Oo(*A), classical jet type singlet oxygen gen-
erator is used, then to the primary flow containing singlet oxygen either NO,
ClO2 (or Fy) and HI are introduced or atomic iodine is generated separately
and then introduced to the singlet oxygen flow. Mixing of the gas flows
takes place in the vicinity of supersonic nozzle. Through this nozzle the gas
is flowing to the diagnostic cell or to the laser resonator.

Before the experimental devices were built, the CFD (computational
fluid dynamics) modeling was performed which aimed to find the character-
istics of the gas flow and the optimal shape of device [70].

Important part of experimental device is a trap cooled by liquid nitrogen
in which most of the compounds are separated from the gas flow going to
the vacuum pump.

2.4.1 Diagnostics

Main diagnostics method to measure the concentration of produced iodine
atoms is the absorption spectroscopy using narrow band tunable diode laser
working on the narrow wavelength range in the vicinity of 1315 nm. From
measured absorption profiles, iodine atoms concentration as well as temper-
ature can be obtained. In the experiments with singlet oxygen Oo(1A) it is
then possible to measure small-signal gain using the same method. The di-
agnostics system is specially developed for COIL diagnostics and is denoted
ISD — iodine scan diagnostics [71]. ISD was placed on movable holder which
enabled diagnostics in different vertical and horizontal positions.
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From measured absorption spectral line, usually Voigt profile is obtained,
from which the Gaussian and Lorentzian profiles and their parameters are
calculated by deconvolution. Temperature is calculated from the full width
at half maximum (FWHM) of calculated Gaussian profile.

Molar flow rate of generated atomic iodine n; was calculated using the
equation (2.15), in which the ¢y is a local concentration (number density) of
atomic iodine evaluated from ISD data.

Vflow
Ny

fl[ =Cs (2.15)

Ny is the Avogadro constant and V4, is a volumetric flow rate of gas
mixture through the detection cell calculated using the equation (2.16).

. RT
Vflow = ntot? (216)

Here nyt is total molar flow rate representing the sum of molar flow rates
of all gas components, T" is gas temperature, p is pressure in detection cell
and R is molar gas constant (= 8.314 J/(mol.K)).

Besides atomic iodine also molecular iodine is detected by visible ab-
sorption spectroscopy at 488 nm using argon ion laser as a source of light.
Detection is performed before the injection into the cavity. Molecular iodine
is the result of reaction of two iodine atoms.

Temperature of the gas can be also measured independently by thermo-
couple. Gas flows are measured by flow-meters, measured flows are usually
hundreds of gmol/s up to several mmol/s.

2.4.2 Generation of atomic iodine using chlorine

As is shown in reaction (2.17) iodine atoms in ground state are produced
from hydrogen iodide reacting with chlorine atoms in fast and exothermic
reaction.

Cl+HI — HCl+ T +132kJmol™" k=164 x 10717 (2.17)

Chlorine atoms are produced during experiments from chlorine dioxide
ClO2 with the help of NO molecule. This process is described by reaction
(2.18), which however describes only the overall process.

ClO9 +2NO — Cl+2N0O9 (2.18)

This is not the actual reaction which takes place in the reaction cham-
ber, but it is a branched chain reaction consisting of the following steps of
reactions (2.19),(2.20) and (2.21) [66].
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ClOg+ NO — ClO + NOs kE=34x10"1 (2.19)
ClO + NO — Cl+ NO, k=1.7x 10" 120/ (2.20)
Cl+ ClOy — 2010 k=59x10"1 (2.21)

Reaction (2.19) initiates the chain, reaction (2.21) is the chain-branching
step with Cl and ClO as chain carriers. ClO radical is important particle —
more stable than Cl — which reacts with NO forming Cl atom. This fact lead
to the proposition of injection of NO in two places — in the first place ClO
is formed, in the second place Cl atoms are formed from ClO by reaction
(2.20).

One serious disadvantage of the described method is that ClOs molecule
cannot be prepared in advance, also cannot be stored under pressure (ex-
plosive gas) and is usually generated during experiment by reaction of solid
NaClO, with gaseous chlorine Cls.

Atomic chlorine Cl is lost mainly in reactions involving three molecules
(ternary reactions), fastest is the reaction (2.22) of Cl with nitrogen dioxide
NO; originating from reactions (2.19) and (2.20) [72, 66], with third particle
being buffer gas.

Cl4+ NOy+ Ny — CINOy+ Ny  k=1.5x10" (2.22)

The effect of this reaction is more pronounced at higher pressures. NOq
molecule in the gas flow also plays role in recombination of iodine atoms as
is shown in reaction (2.28).

Iodine atoms created in reaction (2.17) are lost in three-body reactions
with carrier gas (N2) and with molecular iodine (result of two iodine atoms
recombination with third particle) and with some other molecules as can be
seen from reaction (2.23) — (2.26).

I+1+ Ny — Ir+ Ny (2.23)
k=1.24 x 10732 exp(—7433/RT) (T /298)°07

I+1+0L > L+1, (2.24)
k=268 x 1073 exp(—6568/RT) (T/298) 3%
I+I1+HI—I1,+HI (2.25)
k=8.13 x 10732(T/298) 735

I+ NO+ Ny — INO + No (2.26)

kE=1.8x 10732 (17/298)~*

INO molecule created in reaction (2.26) can also react with iodine atom
in another loss reaction:

I+INO - I, +NO k=264x10"1° (2.27)
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All reactions considered in this system can be found in articles by Jirdsek
et al. and Spalek et al. [58, 66]. Important are also reactions including NOg,
especially reactions (2.28) and (2.29).

I+ NOy+ Ny — INOy + Ny k=31x10"3" (2.28)
I4+INOy — Iy + NOy k=83x10"1 (2.29)

Very important process is also loss of iodine atoms on the wall.

I+ 1+ wall — I+ wall v=1 (2.30)

Production of atomic iodine under COIL conditions (i.e. in the flow
of oxygen Og diluted by helium) was at first investigated with the help of
computer modeling. Numerical 1-D model was employed for investigation of
behavior of chemical compounds in the gas flow. Assumptions are constant
pressure, instantaneous mixing of reactants, negligible heat transfer to the
walls and adiabatic conditions [58, 66].

The set of equations was solved by fourth order Runge-Kutta routine.
Reaction path was calculated from the gas flow velocity and time which
was parameter of the kinetic equations. For the chosen initial conditions
modeling provided concentration profiles of all reaction components and
also temperature profile along the reaction path.

It was found that more advantageous is the injection of HI downstream
from the injection point of ClOy and NO. Also injection of part of NO
molecules together with HI enhances the production of I atoms according to
the models.

At first small scale atomic iodine generator was employed which consisted
of three injectors for the mixing of ClO2, HI and NO which were diluted by
nitrogen No. Later the iodine generator was placed into the laser system
and the effluent from iodine generator was introduced into the primary gas
flow (Ng and later also Oa(*A)). Injectors were made of stainless steel with
one, two or three rows of small holes [66].

Optimal conditions were found for the situation when the NO flow was
divided between first and second injector with HI injection very close to the
second NO injector.

Laser experiments were performed in the reactor with supersonic nozzle
(see figure 2.4). Primary gas flow contains singlet oxygen O2(*A) as well as
residual Cly. Into the primary flow first ClOy and then HI is injected. Gas
temperature was rising due to the exothermic reactions. Partial cooling was
attained in supersonic nozzle.

The laser operation resulted in small-signal gain 0.3 — 0.35 % c¢cm™* and
the laser output power 430 W [51]. This was in the case of sequential
admixing of the reacting gases into the primary flow of O('A) upstream
from the supersonic nozzle. Chemical efficiency of the COIL was up to 13 %
(best results for classical COIL are around 40 %) and was most probably
limited by the quenching of O3(*A) by HOS radical formed in reaction of

1
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Figure 2.4: Scheme of the COIL system showing injection of ClOs, NO and
HI into the flow containing singlet oxygen. Behind injector supersonic nozzle
is situated with laser cavity in which the ISD diagnostics (movable vertically
and horizontally) takes place [66].

O2(*A) with HI. So even if the laser power is rather high, expected gain
calculated from the formula (2.5) was 0.7 — 1 % cm~! which would enable
us to reach even higher laser power.

2.4.3 Generation of atomic iodine using fluorine

In previous section we showed iodine predissociation by chemical reaction of
hydrogen iodide with atomic chlorine. Alternative way is to use not chlorine,
but fluorine for this purpose. System of reactions and also experiments are
described in articles [72, 73, 74, 75, 76].

Atomic fluorine is formed in following reaction (2.31) of fluorine Fo with

NO.

Fy+ NO = F+NOF  k=7x10"13(1150/T) (2.31)

Fluorine atoms then react with hydrogen iodide and iodine atoms to-
gether with hydrogen fluoride are generated as is shown in reaction (2.32).
This reaction is very fast, so by instantaneous injection of Fa, NO, and HI
fluorine atoms are quickly converted to iodine atoms.

F+HI - HF+1 k=15 x 10" '0e(-5057:8/RT) (2.32)

There is a problem that HF molecule created in reaction (2.32) is a
strong quencher of excited iodine I(>P; /2), so there was an idea to replace
hydrogen iodide HI with deuterium iodide DI. By comparing rate coefficients
in reaction (2.33) and (2.34) we can see that DF is much weaker quencher
of excited iodine atom.

HF +1(*Pj5) = HF +I(*Py;5)  k=13x10"" (2.33)
DF+1(*Pyj3) = DF +1(*P3p5)  k=1.05x10"" (2.34)
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F atoms are mostly lost in three-particle collisions with buffer gas, with
NO, or by recombination on the wall [73].

F+NO+NO — NOF +NO  k=18x10734(1T/298)""  (2.35)
F 4+ NO + Ny — NOF + N, E=1.1x10734T/298)""  (2.36)
F+F+Ny— Fy+ Ny E=6x10"3 (2.37)
F + F 4+ wall — F» + wall ~v=0.05 (2.38)

There is however reaction (2.39), in which iodine atoms are created in
reaction of fluorine atoms with Is (which is formed by reaction of two iodine
atoms).

F+I,—-IF+1 k=43x10"1° (2.39)

Todine atoms can be lost in ternary reactions which involve two iodine
atoms and some other molecules like Ny, NO, Iy or HI — reactions (2.23) —
(2.26) and also important is loss on the wall as was shown in (2.30).

Some iodine atoms can be lost in reaction with fluorine molecule Fy

(2.40), but formed fluorine atoms can be another source of iodine by reaction
(2.32).

I+F - IF+F k=19x10" (2.40)

Iodine molecule can be also formed in the reaction of two iodine atoms
on the wall as is shown in reaction (2.30). All these reactions are described
in articles by Jirdsek et al. [77] and Censky et al. [78]. Most of these loss
reactions are strongly exothermic, so they lead to the higher temperature of
the medium.

We can observe, that the rate coefficient v is higher for iodine atoms
than for fluorine atoms. Fluorine atoms are therefore not much affected by
the wall as opposed to iodine atoms, whose loss on the wall is very important
process.

As in the case of the chlorine, at first small scale reactors for iodine
generation were employed [78, 77], later iodine atoms were injected into the
flow containing Oz(*A) and gain was measured. Iodine concentration and
temperature of medium was measured by the ISD (Iodine Scan Diagnostics).
Gas temperature was also measured by thermocouple.

Movable NO injector was employed to observe the effect of interval of
NO and HI injection. Injectors are usually hollow tubes with closed end near
which there are perpendicularly to the tube axis drilled small holes usually
in several rows.

First experiments were performed in rather low pressure between 1.5 and
3 kPa (too low for COIL operation), with Fo, NO and HI gas flows some
tens or hundreds of pumol/s and all gases diluted by Na (10 % of reacting
gas in Nj).
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To the main flow containing Fs, first NO and then HI were admixed
[79]. Iodine atoms appeared to be quite stable in the gas flow and their
concentration did not depend much on the interval between NO and HI
injection, for rather longer times there was small decrease. lodine atoms are
mostly lost in three-particle reactions, and by reaction (2.40), which however
presents new supply for fluorine atoms, which after reaction with HI (2.32)
produced more iodine atoms. This was probably the reason of very small
decrease of I atoms concentration along the flow path.

Best results were obtained at approximately the same amount of Fs,
NO and HI. At some experiments the order of injection of NO and HI was
changed, so first HI and then NO was injected. This resulted in increase
of I atoms concentration. During experiments, temperature between 300
and 400 K was measured, increase in temperature is due to the exothermic
reactions, but the presence of buffer gas lowers the temperature.

After first ascertaining of the system behavior, gas flows were increased
which lead to the pressure increase in the range 4 — 9 kPa. Highest measured
I atoms concentration was 5 — 8 x10™ cm™3. Higher gas flows lead to higher
temperature 400 — 700 K. Higher temperature increases rate constants of the
main production reactions (2.31) and (2.32) and decreases rate constants of
some loss reactions [78].

In later experiments, gas flows and pressure were further increased [77].
Gas flows reached 1.5 mmol/s and pressure was up to 20 kPa. Because of
ternary loss effects and low yield of iodine atoms (relative to initial Fy),
further experiments were performed with undiluted NO and HI and only
Fo was diluted by Ny (20% of F3). Iodine atoms concentration increased
with increasing of gas flows of reacting gases, while higher pressure did not
result in substantial decrease of iodine concentration. Concentration up to
4.2 x10' ecm™3 was reached at pressure 12.5 kPa. Experiments showed
that F atom is much more stable even at higher pressure than is Cl atom
in chlorine reaction system. Because of higher reacting gas flows and less
buffer gas, temperature increased up to 1500 K.

In the final stage, gain experiments were performed with primary gas
containing Oz(*A). Measured gain was however very low, under 0.22 %
em™~! [73], although the small-signal gain estimated from equation (2.5) is
approximately twice higher. Because measured iodine concentration was
rather high (about 10'® cm~2), low gain is probably caused by some detri-
mental reaction, probably quenching occurred by DOJ radical, which is sim-
ilar problem that was encountered in chlorine system.

2.4.4 Chemical reactions modeling

The question have arisen about the reaction of Fo with HI, whose possibility
was mentioned in literature. The effect of this reaction was examined in
experiment [77] and also with the help of modeling. From the experiment
the value of rate coefficient about 3.7 x10~'4 cm?3 /s was estimated. This is
quite high value so this reaction cannot be neglected.

35



My tasks during experiments with both chlorine and fluorine were only
marginal, like helping the group to prepare experiments, to perform ex-
periments and to finish clearing after experiments, as well as evaluation of
measured ISD data (absorption or gain, depending on the type of experi-
ment) with the help of program written in Origin environment by Miroslav
Censky. My own task was modeling of 1-D chemical kinetics of chemical
reactions present in fluorine system as is described in the next section.

Modeling of chemical reactions system was performed to find optimal
conditions (relative initial ratio of HI/Fg, time of injection of HI etc.) for
experiments and also to ascertain the effect of reaction of Fo with HI in the
reaction medium. Chemical reactions taken into account can be found e.g.
in [58, 73].

Numerical 1-D model was employed for investigation of behavior of chem-
ical compounds in the gas flow. Assumptions are constant pressure and neg-
ligible heat transfer to the walls. The set of chemical equations was solved by
fourth order Runge-Kutta routine. Reaction path was calculated from the
gas flow velocity and time which was parameter of the kinetic equations.
For the chosen initial conditions modeling provided concentration profiles
of all reaction components and also temperature profile along the reaction
path.

In the first stage of modeling with only Fy and NO in reaction system,
reactions (2.31) and set of loss reaction (2.35) — (2.38) were used. It was
proposed that HI is injected downstream from the injection of Fy and NO.
Nitrogen Ns is buffer gas, so it is not reacting, but plays the role in ternary
loss reactions.

In second stage also reaction with iodine and its compounds were in-
cluded, namely reactions (2.32) and loss reactions (2.40), (2.39), reactions
(2.29) — (2.26) and also (2.27). Also reaction of three iodine atoms was taken
into account:

I+ T+1—I+1  k=5x10" exp(—17626/RT) (2.41)

The effect of mixing was also taken into account. In following reactions
(2.42) and (2.43) N in brackets means that the compound is yet unmixed
and cannot chemically react. Unmixed compounds are changing in time to
mixed compounds and they can react with other compounds. Some rate
constants are depending on temperature.

Fy(N)+ NO(N) — F, + NO k=1x10"" (2.42)
HI(N)+HI(N) = HI + HI k=1x10"1 (2.43)

It was observed, that reaction of Fo with HI can take place, so the effect

of this reaction was investigated [77]. In our model it was supposed, that

this reaction has two steps (2.44) and (2.45). It is expected that the second
reaction is much faster than the first reaction and is efficiently removing HI
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and IF molecules from the gas flow. It is advantageous to remove unreacted
HI (or DI) from the gas flow before the injection into the O2(*A) flow to
prevent the formation of HO$ (or DO3) radical.

Fy+HI - IF+HF (2.44)
IF+HI — I, +HF (2.45)

For these two reactions three possible sets of rate constant were proposed
and modeled, later fourth set was added in which very small rate constants
were proposed (both of the order 1072 cm? s1), so that these reactions are
not efficient in influencing the reaction system.

The model was built as a two stage process, first fluorine Fo was mixed
with NO and buffer gas, later HI was injected. The concentrations were
depending on time, which in constant flow can be transformed into the x-
coordinate (distance from point of the gas entry).

Three different times of injection of HI after the injection of Fy and
NO were proposed: T; = 50 ps (position 453 um), Ty = 250 us (position
4.37 mm) and T3 = 800 s (position 22.3 mm).

Modeling was done for three different pressures: 3 kPa, 7.5 kPa and
15 kPa. Also different ratios of initial HI flow to initial Fo flow were pro-
posed: HI:F9 = 0.5:1 or 1:1 or 1.5:1 or 2:1.

Temperature was changing with the time as the heat was produced in
exothermic reactions. This lead to changing of rate constants in the case they
were dependent on temperature, most often it is the case of ternary reactions
(reactions involving three bodies on the left side). Initial temperature is
300 K. Changing of temperature was modeled using formula (2.46), in which
T is temperature, p is pressure, cpy,, is the sum of molar heat capacities of
reactants and H; is enthalpy of one reactant.

dT RT dc;
— = H,— 2.46
dt  pcpm Z dt ( )

In the first stage of the modeling, reactions of Fo and NO together with
buffer gas took place as can be see in graph 2.5, later from the calculated
concentrations at the time of injections, new modeling system was calculated
containing now the HI.

By comparing results of modeling with experimental results we can de-
duce approximate values of rate constants of reactions (2.44) and (2.45) [73].
This is also important because IF molecule is strong quencher of excited io-
dine atom as is shown in reaction (2.47). Rate coefficient of this reaction is
comparable with the quenching of I(*P; ;) by HF as shown in (2.33).

IF +1(*Pyjy) > IF +I(*P3p5)  k=13x10"" (2.47)

So especially reaction (2.45) can be beneficial for COIL system, because
it removes IF molecules and also removes excess of unreacted HI (or DI),
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Figure 2.5: Concentrations of main components (without the buffer gas Ng)
of reaction system with fluorine Fy before the injection of HI.

which in presence of singlet oxygen form radical HO$ (or DO$) which is
strong quencher of Oy(*A).

In graph 2.6 four curves showing possible behavior of IF molecule concen-
tration in case that rate constants of reactions (2.44) and (2.45) are 1 x 10~2°
and 1 x 1072 (curve 1, rate constants very small), 1 x 107'° and 1 x 10~
(curve 2), 1 x 107 and 1 x 1073 (curve 3) and 1 x 1071* and 1 x 1072
(curve 4). Data obtained in simulation were then compared to measured
data.

In fluorine system, instantaneous admixing of HI to the Fo + NO flow is
advantageous. This effect is more pronounced at higher pressure (15 kPa).
Ratio of HI:F5 is best near 1:1.

Concentration of iodine atoms is shown in graph 2.7. It shows that in this
case more important for iodine concentration is the amount of HI admixed
into the flow.

With higher gas flows and higher pressure the modeled temperature was
higher. Calculated temperature is however higher than is expected to be
measured, due to the cooling effect of the buffer gas and also due to the
walls of the reaction chamber which remove part of heat from the system.
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Figure 2.6: Calculated relative concentration of IF in dependence on the
distance from HI injection, initial concentrations Fo:HI = 1:1. Curves 1-4:
different rate constants for reactions (2.44) and (2.45), curve 1 shows the
case of lowest rate constants (slow reactions) and curve 4 shows the case of
highest rate constants (fastest reactions).
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Figure 2.7: Calculated relative concentration of I atoms in dependence on
the time passed from HI injection. Fast reactions means that rate constants
for reactions (2.44) and (2.45) are 10~ and 1072 respectively, while for
slow reactions both rate constants are 10720, It is shown, that initial rate
of concentrations HI:Fs plays more important role than the rate constant of
reactions (2.44) and (2.45).
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2.5 Conclusion

Classical chemical oxygen-iodine laser is using singlet oxygen Oo('A) as
a source of energy for laser and also for I molecule dissociation. It was
calculated, that by using different methods of iodine dissociation, about
25 % enhancement of laser power can be expected.

New method of atomic iodine generation by chemical way was examined,
using atomic chlorine or fluorine reacting with HI. Its advantage is that HI
from which I atoms are produced, is gas at normal conditions, so heating of
the part of experimental device can be avoided.

Described chemical methods of atomic iodine generation by chemical
way from hydrogen iodide HI (or DI) using either chlorine or fluorine atoms
proved to be very efficient, but serious drawback is the formation of radical
HO$ or DO respectively. It is therefore necessary to remove all HI (or DI)
from the gas flow leaving atomic iodine generator. This can be done by
reactions (2.44) and (2.45).

COIL operation with production of atomic iodine I in reaction of hydro-
gen iodide HI with ClOy was studied. After initial modeling of reactions
gain measurements were performed and laser power of 430 W was achieved.
It was found, that Cl atoms does not last long in gas flow, but ClO radi-
cal with longer lifetime can be used as Cl source before HI injection. The
limitation of ClOy molecules is that it cannot be prepared in advance and
cannot be pressurized.

In fluorine system, F atoms were obtained from Fs molecule. Instead
of HI, DI molecule was used because of the much smaller rate coefficient of
quenching of excited iodine I(*Py o) by DF (2.34) than by HF (2.33).

Concentration of iodine atoms was measured by iodine scan diagnostics
(ISD) using absorption spectroscopy on the wavelength of 1315 nm. Other
diagnostic methods involved pressure and temperature measurements and
also gas flows before the injection of gases.

Chemical generation of atomic iodine proved to be efficient in that it is
possible to produce iodine atoms in pressures and concentration sufficient for
laser operation, these methods however suffer from the presence of chemical
seriously quenching singlet oxygen (radicals HO§ or DO$) and also from
very high reaction temperature. This lead to substantially lower small-signal
gain than was calculated by theoretical formula. It was therefore possible
to operate COIL with high power radiation over 400 W, but the efficiency
was lower than expected.
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Chapter 3

Oxygen-iodine laser with
electric discharge

3.1 Introduction

Alternative system to the chemical oxygen-iodine laser (COIL) is discharge
oxygen-iodine laser (DOIL) in which the singlet oxygen O('A) molecules
are produced in the electric discharge. The theory and methods of singlet
oxygen obtaining can be found e.g. in the review article by Ionin et al. [80].

Historically before the discharge oxygen-iodine laser was examined, laser
with atomic iodine active medium which was produced and excited in dis-
charge without the presence of singlet oxygen was studied [81, 47].

Singlet oxygen Oz(*A), which is the source of energy for laser, can be
used as in classical COIL system for I dissociation and I atoms excitation
(as was discussed in the previous chapter) or, with iodine atoms produced
separately, it can be used for iodine atoms excitation only. Generation of
iodine atoms prior to their injection into the singlet oxygen flow may lead to
the higher laser power compared with the classical design and it also enables
the use of different molecules containing iodine other than Is.

Singlet oxygen O2(*A) can be produced by electric discharge [82, 83, 84]
and it is possible to run electric discharge oxygen-iodine laser, but still with
rather smaller power than chemical oxygen-iodine laser [85]. Such laser
is usually denoted DOIL (discharge oxygen-iodine laser) or ElectriCOIL.
Electrically driven oxygen-iodine laser was first demonstrated by Carroll et.
al. [85] after series of calculations and experiments [86, 87, 88, 89]. Classical
scheme was employed in which I» molecule was dissociated in the flow of
02(*A). Recently laser power reaching 538 W was announced [90)].

In this work we will deal mostly with the atomic iodine generation in
discharge. With separate iodine atoms generation, different iodine donors
(i.e. molecules containing iodine) can be used, besides I [91, 92] also HI,
CHj3l, CF3l and some more [93, 94, 95, 96, 97, 98, 99] were studied. The
advantage of HI and CF3l is that they are in gas state at normal conditions
and CHsl is liquid at normal conditions so they have much higher vapor
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pressure than Iy and there is not necessary to use substantial heating to
obtain high gas flow. Also by using different iodine donors than I the effect
of quenching of I(*P; ;) by I in process (2.7) can be avoided or at least
substantially diminished.

For iodine compounds predissociation, various types of discharges were
used up to now, e.g. DC glow discharge [71, 101, 102], microwave discharge
[65, 92] or radiofrequency discharge [103, 104] and also different iodine
donors and different buffer gases were examined.

Dissociation of iodine donor by electric discharge is also one way to
obtain pulsed COIL operation [100]. This method uses the mixture of singlet
oxygen with iodine donor (not Is) and when the discharge is switched on, the
iodine donor is dissociated by discharge and then iodine atoms are excited
by singlet oxygen.

Problem with electric discharge generation of either atomic iodine or
singlet oxygen O3('A) is lower pressure and higher temperature of laser
medium even with cooling of the gas by the supersonic expansion. Higher
temperature leads to the lower laser gain, lower pressure means that the
concentration of active medium particles is low. It is therefore challenging
to operate discharge oxygen-iodine laser and to reach high power.

Here we will deal with production of atomic iodine I in electric discharge
using CH3l and CFsl molecules as iodine donors. The discharge singlet
oxygen generator will not be described here and the principle of singlet
oxygen generation will be only shortly mentioned.

3.2 Discharge generation of atomic iodine and sin-
glet oxygen

3.2.1 Atomic iodine generation

CH3l and CF3l molecules were investigated as the iodine donors. Dissocia-
tion of CH3l and CF3l by electric discharge can be accomplished by several
different processes present in plasma. For CHsl these processes were de-
scribed by Mikheyev et al. [94].

Most important processes are dissociative attachment of electron to CH3l
or CF3l molecule as is shown in equation (3.1), and also the excitation of
CH3sI or CF3l by electron impact (or possibly by radiation) to the antibound
orbital by process (3.2). Because C-I bond is the weakest bond in the mo-
lecule, dissociation usually occurs along this bond. There are also processes
involving positive ions CH3I™ or CF3I™, which can be dissociated by elec-
tron impact (3.3) or by impact of negative ion I~ (3.4), both processes lead
to the dissociative recombination. In the equation below only CH3I molecule
is used, but similar processes occur for CF3l as well, only the rate constants
of reaction are different.
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CHsl+e — CHs+ 1"

CHsl +e¢ — CH3l"+e¢ — CHs+1+e"
CH3I" +e” — CHz +1

CH3I" +1 — CH3+2I
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Inelastic collisions involving CH3I can usually involve many excited levels
of molecules (mostly vibrational) [105]. More about formation of negative
ions from CHgsl by electron impact can be found e.g. in article by Nagesha
et al. [106] and interactions of CF3I molecule with electrons is described in
the article by Christophorou et al. [107].

Dissociative attachment has greatest cross section for low electron ener-
gies, while dissociative excitation has greater cross section for higher electron
energies, so usually two main processes 3.1 and 3.2 take place together in
the plasma.

For laser operation it is necessary to work at rather high pressure at
least a few kPa. Three-particles loss reactions (3.5) and (3.6) (or (3.7) for
CF3l) are then important and limit the operation of laser. Here M is an
arbitrary third particle present in gas medium (buffer gas, I, Iy formed by
recombination of two I atoms etc. ).

I+I+M—I,+M (3.5)
I+CHs+ M — CHsI + M (3.6)
I+CF3+M — CF3l +M (3.7)

Also the recombination of iodine atoms on the wall as shown in (2.30) is
important loss process, as the wall has strong catalytic effect especially for
the iodine atoms [108].

The problem of many previous atomic iodine generators was the fast
recombination of iodine atoms, either in the medium or on the walls before
their injection into the singlet oxygen flow. The loss processes resulted in
measurement of substantially lower concentration of iodine atoms than was
predicted. It is therefore necessary to place the generator as near as possible
to the point of injection of iodine atoms into the primary gas flow.

3.2.2 Singlet oxygen generation

Generation of singlet oxygen O2(*A) in electric discharge is an alternative to
the chemical generation. Its advantage is that there are present no chemicals
like HyOo, KOH or Cly. There is however usually lower Oz (*A) yield (usually
less than 20 % compared with over 60 % in chemical generator). Higher yield
is usually attained at lower pressure which is insufficient for laser operation.
Also substantial heating of medium occurs in discharge generators.
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Singlet oxygen Os(*A) is produced by impact of electron with oxygen
molecule. There is also possibility to enhance O (!A) population by cascad-
ing from higher singlet states into which the oxygen molecule can also be
excited. There are other possibilities such as impact with another molecule,
ozone UV photolysis, oxygen atoms recombination or excitation by photons,
but they have much lower efficiency.

The specialty of discharge oxygen generation is the presence of oxygen
atoms in the primary flow consisting of singlet oxygen. Oxygen can enhance
the dissociation of iodine I in the reaction:

O+ —OI+I k=125x10" (3.8)
IO+0 = Oy +1 (3.9)

Very important issue of generation of both atomic iodine and singlet
oxygen is the discharge stability, because iodine and oxygen are electronega-
tive elements and negative ions formed by attachment diminish the electron
population in the discharge. As the electrons are usually main source of
ionization, this leads to the lower stability of discharge, extinguishing of
discharge or possibly sparking.

3.3 Experimental device

The aim of our work was to operate discharge oxygen-iodine laser (DOIL). It
consists of singlet oxygen generator from which the primary gas flow is going
around the iodine injector from which the iodine atoms are introduced into
the flow of singlet oxygen. Mixed gases then flow through the supersonic
nozzle to the laser cavity.

First part of this experimental device which was examined was atomic
iodine generator using radiofrequency (RF) discharge for iodine donors dis-
sociation. The scheme of the atomic iodine generator is shown in figure
3.1. Main part is iodine injector serving also as a discharge chamber and
the shape of the injector is designed, so that it forms double-slit supersonic
nozzle together with the walls of the cavity.

This configuration was proposed, to minimize the distance the iodine
atoms must travel before their injection to the singlet oxygen flow. Iodine
atoms undergo very fast recombination on the walls as is shown in reaction
(2.30) as well as in the three-body loss reactions in the medium forming
usually iodine molecules I as is shown in reactions (3.5)and (3.6) or (3.7).

For successful DOIL operation, the atomic iodine generator should pro-
duce iodine atoms with high yield, low temperature and also high pressure
for injection into the laser cavity, and the by-products should quench neither
singlet oxygen nor excited iodine atoms.

Around the iodine injector primary gas is flowing. Todine donor (CHsI or
CF3l) together with carrier gas (Ar or mixture of Ar with He) is introduced
to the discharge chamber from the direction perpendicular to the primary

44



=L d - T

He+l donor laser
: i beam
1 | B RF discharge
Al injector

ground electrode

—>
>

0-500 W, 13.6, 20-100 MHz
cw/pulsed = 100 kHz, T = 1 s

Impedance

; QO O
W rod matching RF
RF electrode =
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Figure 3.2: Shape of the iodine injector, which is serving as a part of double
slit nozzle. Its shape was calculated by modeling of gas flow conditions.
Drawing of injector modified according to [109].

gas flow. In the discharge chamber, the dissociation takes place and iodine
atoms are injected into the primary flow. Behind the supersonic nozzle, the
cavity is placed, in which either iodine concentration is measured (primary
gas being only Ng) or small-signal gain can be measured (when primary gas
flow contains singlet oxygen).

Depleted gas then flows through the cooled iodine trap to the vacuum
pump. Description of experimental device together with experimental re-
sults can be found in article by Schmiedberger et al. [109].

The walls of the experimental device around and behind the iodine in-
jector are made of plexiglass, which is optically transparent and allows ob-
servation of the discharge and the gas flowing through the supersonic nozzle
and cavity. Spectroscopic diagnostics can then be used. Inner surfaces of
plexiglass are covered with thin glass panes to prevent damages by heat or
by fluorine and its compounds.

Supersonic expansion of the gas in the nozzle ensures cooling of the gas so
that the equilibrium in process (2.2) will be in favor of excited atomic iodine
and also the threshold yield will be smaller (i.e. for laser operation it will
not be necessary to have so high yield as in the case of higher temperature
of medium).

Todine injector was designed by the computer modeling to the shape
which would form double slit supersonic nozzle together with the device
walls (see figure 3.2).

Todine injector is made of aluminium, which is chemically resistant to
corrosion caused by iodine. Aluminium has also good electric and thermal
conductivity, reflects ultraviolet light (this helps enhancing iodine donor
dissociation and production of iodine atoms in exited state) and also is
quenching singlet oxygen only weakly.

In the middle of the injector there is cylindrical discharge chamber, par-
allel to the discharge chamber are two channels used for water cooling of the
injector body. In the middle of the discharge chamber the tungsten cathode
is placed.
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Main discharge chamber is cylindrical cavity with diameter of 9 mm
in which the tungsten electrode with diameter of 2 mm is inserted axially.
There are two other channels parallel to the discharge chamber used for
water cooling of the injector as it is heated by the RF power delivered to
the discharge.

Injector has two rows of 15 output holes which are circular and have
the diameter of 2.2 mm. It is quite large value and was chosen in order
to prevent recombination of iodine atoms on the edges of the holes. This
however caused pressure drop along the length of discharge chamber, higher
pressure being near the inlet of iodine donor, lower pressure at the opposite
side.

Used tunable RF generator can work on different frequencies from 20
to 100 MHz, with output power up to 500 W. It is also possible to use
pulsed mode with pulse frequency from 100 Hz to 99 kHz and pulse duty
ratio from 5 to 95%. Pulse regime may increase the stability of discharge in
electronegative gases.

Between the RF generator and the discharge chamber the impedance
matching circuit must be placed to minimize the reflection of radio waves
back into the generator and to ensure the delivery of maximum power to
the discharge. To ensure good impedance matching, after few initial exper-
iments, frequency of 40 MHz was chosen.

3.4 Diagnostics

Concentrations of species, especially of atomic iodine were measured as in
the COIL by iodine scan diagnostics ISD method which is absorption spec-
troscopy using tunable diode laser on the wavelength around 1315 nm mon-
itoring the I(2P 12) — I(2P3/2) transition. This diagnostics was installed
on movable holder, so that iodine concentration was measured for different
vertical and horizontal positions along the flow duct.

Single pass beam of diagnostic laser was employed (which differs from
COIL at which double pass beam technique was used), because of the high
losses on cavity walls (plexiglass and thin glass pane and especially on optical
interface between them strongly affect the passing light). Laser beam was
distorted on the walls and measured signal baseline was curved, so it was
necessary to perform smoothing and averaging over several measured data
sets. Single pass has unfortunately lower sensitivity than multiple pass.

From the measured absorption profiles, iodine I number density and
temperature were obtained using deconvolution of measured Voigt profiles
to Gaussian and Lorentzian profiles.

When only atomic iodine concentration was measured, it was possible to
detect only ground state iodine atoms using absorption spectroscopy. Part
of the iodine atoms was produced in excited state when could not be in this
case detected, so the measured concentration was considered to be lower
limit of the concentration of iodine.
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Also the estimation of iodine atoms concentration downstream of the
injector was lower due to the iodine atoms recombination.

Partial pressure of atomic iodine is evaluated from formula (3.10), in
which c;(y) and T(y) are evaluated number density and temperature and y
is the position in direction perpendicular to that of along the injector [110].

1 Y2
pr = / cr(y)RT (y)dy (3.10)
Y2 — Y1 Jyy

We can then calculate the dissociation fraction, which :

prn
Pecav hCH 37

Ndiss = (311)

here n = Nna, + Nyre + Ny + Nomsr is total gas flow rate and peg, is the
pressure in the detection cavity.

To measure the efficiency of the dissociation process, we can calculate
the fraction of the absorbed RF power spent on the dissociation:

Pdiss eNIEbond
FPyiss = = 3.12
e Pabs Pabs ( )

Piss 1s the power used for dissociation of iodine donor, P, is the ab-
sorbed power, e is the charge of electron, Ny is the evaluated flow rate of
iodine atoms and FEp,,q is the dissociation energy of C-I bond. Dissociation
energy of C—I bond is 2.47 eV for CHsl and 2.34 eV for CFsl.

To measure the concentration of excited particles, mainly of excited io-
dine atom I(?P; /2), emission spectroscopy was employed. Spectral range of
the spectroscope was between 600 and 1700 nm. Light coming from plasma
was lead to the spectroscope by optical fibre. Light intensity was quite low,
so better coupling using focusing element was necessary.

During experiments flows of gases, pressure and temperature were mea-
sured. Measured data were collected by the computer. In the flow duct
behind the supersonic nozzle pressure was measured by the movable Pitot
tube, from which the Mach number of the flow can be obtained.

3.5 Experimental results

Cold flow experiments i.e. experiments without discharge and without iodine
donor were performed first to ensure the proper design of the supersonic
nozzle and the cavity and of the gas flows control. At first only primary gas
was used (Ng or He or mixture of these two gases), later also secondary gas
consisting of mixture of argon with helium was introduced into the iodine
injector.

First experiments involved changing of primary gas flow and observing
dependence of the Mach number on the flow of gases and on the position of
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Pitot tube. It was found that with higher No content the Mach number was
higher.

Later experiments involved presence of iodine donor and of the discharge.
Prior to introduction to discharge chamber iodine donor was mixed together
with its carrier gas, which was usually mixture of argon and helium.

In first experiments iodine donors CH3l and CF3l were used [108]. CH3l
is volatile liquid at normal condition (boiling point around 42.5 °C). It has
fortunately high vapor pressure over the surface. CF3l on the other hand is
gas at normal conditions (boiling point -22.5 °C).

Most of the experiments were performed for subsonic flow for which the
pressure behind the nozzle is higher and higher absorption signal can be
observed. Problem with many optical interfaces resulted in curved baseline
detected in ISD measurements and in noisy data.

3.5.1 CH;I

Flow containing CHsl molecules was introduced into the iodine injector
together with carrier gas (mixture of Ar and He). Flow rate of CH3I changed
between 0.1 and 0.77 mmol/s, argon flow between 1 and 3.1 mmol/s and
helium between 0 and 6 mmol/s. Primary gas flow of nitrogen was between
10 and 37 mmol/s.

Cavity pressure was between 140 and 850 Pa, lower pressure was at
supersonic flow, higher at subsonic flow. Pressure inside the injector varied
between 2.0 and 3.2 kPa. Power delivered to discharge was between 50 and
250 W at frequency 40 MHz.

From ISD diagnostics the iodine concentration profiles were obtained,
which for subsonic flow were homogeneous and parabolic as can be seen in
graph 3.3. For supersonic flow similar profiles are sharper but less homo-
geneous (graph 3.4). With higher primary gas flow the profiles were rather
flat even at supersonic regime. At supersonic conditions the temperature is
also much lower (200 — 350 K) than for subsonic conditions (350 — 450 K).
Lower temperature is advantageous for laser operation.

In some calculated data peaks were observed, which probably resulted
from sparking in the discharge.

When vertical profiles of the temperature were measured, there was
clearly visible the effect of output holes of the injector, behind which the
gas had higher temperature.

Dissociation fraction calculated with use of equation (3.11) is shown in
graph 3.5. Data were measured for different conditions, strong dependence
on pressure was measured — with higher pressure the dissociation fraction
was lower, reason is probably some three-particle reaction like e.g. (3.6).
Graph of this dependence can be found in article by Schmiedberger et al.
[109].

Dissociation fraction was over 17 % when the power delivered by RF
generator was near to the 250 W which is the upper limit of measurements.
The presence of helium in some cases had a slight negative effect on the dis-

49



80

70 L
60|
50 [ 4 e
£ L AbAAg alaadad, s .
o iy ad i = 5
Sanl gy ees e .‘T" 1
1 - " ]
o \
k30 fa & -.0-“..'1".'.'...."'.. -
5 b, - . -
AV “
5 - -
- .
| sunuE® "SpapppnEapgguuEn,
sal ‘....l. ... -
: -
1
71 ) D N S S S— S
15 10 5 0 5 - ®

vertical position, mm

Figure 3.3: Vertical profiles of iodine number density depending on absorbed
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Figure 3.4: Vertical profile of I number density at two positions downstream
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Figure 3.5: The dependence of dissociation fraction on the absorbed RF
power and also on the CHsl flow rate. Data were measured 137 mm down-
stream the injector outlet. Pressure in cavity was between 560 and 780 Pa,
argon gas flow 1.9 mmol/s, helium gas flow 1.9 mmol/s.

sociation degree. Number density of iodine atoms increased with power and
also with the flow of CH3l, but dissociation degree decreased with increasing
flow of CHgl.

3.5.2 CFsl

CF3l gas flow in experiments was between 0.18 and 0.91 mmol/s, argon gas
flow between 2 and 4.9 mmol/s, helium gas flow between 0 and 2 mmol/s
and Ng gas flow 20 mmol/s. Cavity pressure changed between 520 and 680
Pa and injector pressure was between 2.2 and 4.6 kPa.

CF3l is highly electronegative molecule because it contains also fluorine.
The discharge stability was strongly affected by this molecule, at higher
power levels sparking instabilities appeared destroying the plasma. It was
necessary to work in pulsed mode of discharge, which increased the stability.

Dissociation fraction in figure 3.6 shows better results for the data mea-
sured without the presence of helium with only argon as a buffer gas.

When using helium together with argon as a buffer gas, instability of
discharge for power over 150 W lead to sparking. Without helium it was
possible to reach higher power [110] and dissociation fraction increased.

Dissociation fraction and the fraction of the power consumed for disso-
ciation decrease strongly with pressure [110].

The shapes of density and temperature profiles were similar for both
iodine donors. The dissociation fraction over 22 % was measured with CF3I
flow 0.2 mmol/s and with only argon as a carrier gas. This is substantially
higher than for CH3l with the same flow.
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3.5.3 Emission spectroscopy diagnostics

Part of the iodine atoms produced in discharge is in the excited state
and cannot be therefore properly detected by the absorption spectroscopy
method (ISD diagnostics), so also the emission spectroscopy diagnostics was
employed.

FEmission spectra measured in the discharge cavity show very small signal
near the wavelength of atomic iodine radiation around 1315 nm, the reason is
that the excited state I(2P, /2) is metastable and also that not many particles
are in this excited state. Better results would be obtained with singlet
oxygen as a primary gas, but singlet oxygen generator was not available
at a time of these experiments. Transition between I(2P; o) and I1(*Ps5)
involves actually six transitions from different sublevels, so instead of one
line, six lines would be detected. Actually two quite thick emission lines
were measured, each consisting of three emission lines.

During emission spectroscopy measurements, continuous spectra were
detected between 600 and 900 nm approximately, whose origin is uncertain.

In figure 3.8 we can see emission spectrum of atomic iodine in the vicinity
of 1315 nm. We can observe the presence of two main peaks, but as we can
see from figure 2.2, there are actually six transitions, so each of the two
peaks visible in the figure 3.8 consists of three peaks too near to each other
to be distinguished in this resolution.

Also for CF3l emission spectra (see figure 3.9) were recorded with the
similar results as in the case of CHsl.
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3.6 Conclusion

Dissociation of CH3l and CF3l in radiofrequency driven discharge was stud-
ied in a part of future DOIL system which consisted of atomic iodine gener-
ator and gas flow tube. Employed discharge was radiofrequency (RF) driven
on the frequency 40 MHz with power ranging from 50 to 250 W. Pressure
in discharge chamber was 2-3 kPa.

Absorption spectroscopy diagnostics in the vicinity of 1315 nm was em-
ployed. Horizontal and vertical profiles of the gas flow were measured.
Atomic iodine concentrations and temperatures were estimated from the
absorption spectra. Most of the experiments were performed in subsonic
conditions for better diagnostics signal. Measured atomic iodine concentra-
tion was of order of 104 cm™3.

Dissociation fraction 74;ss of CF3l was dependent on pressure and de-
creased with increasing pressure. It is probably due to the recombination
reaction (3.7) in which third particle is argon or helium and which is quite
fast [110]. ng;ss of CHsI on the other hand is not much dependent on pres-
sure.

Dissociation fraction of CH3I was lower than for CF3l at similar condi-
tions, the reason is probably that the integral cross section of dissociative
attachment for CH3l is about four times lower than for CF3l.

Temperature of iodine was higher than expected probably because of
exothermic association reactions:

CHs + CHs — CoHg (3.13)
CF3+ CF3 — CyFg (3.14)

Also recombination of iodine atoms on the walls plays important role,
because it is very fast process and substantially decreases the concentration
of iodine atoms.

Todine is electronegative element, so in the discharge negative ions are
formed by dissociative attachment. This lead to decrease of electron concen-
tration in discharge and especially in the case of CFsl to lower stability of
discharge. By using the repetitively pulsed mode the stability was improved.

The problem with both these donors is the presence of carbon layers
deposited on the inner surfaces of the discharge chamber.

Discharge efficiency for CH3I and CF3l dissociation was up to 11 %.
Measured dissociation fraction was about 20% at the RF power 250 W with
number density of iodine atoms being 2.5x 10 ¢cm ™ in supersonic flow with
flowrate of atomic iodine reaching 0.11 mmol/s. The results are therefore
sufficient to obtain gain in case there is no detrimental process leading to
quenching of either singlet oxygen molecules or excited iodine atoms.
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Chapter 4

Hollow cathode plasma jet
system

4.1 Description of the hollow cathode plasma jet
system

In this chapter we will describe Langmuir probe measurements in the hol-
low cathode plasma jet system powered by radiofrequency (RF) generator.
Discharge gas is either pure argon or argon with iodine admixture. Hol-
low cathode is the example of capacitively coupled radiofrequency discharge
device.

Hollow cathodes are widely used for thin layer deposition and plasma
etching, but can also be used e.g. as a source of electrons for neutralization
of effluents from electric thrusters used e.g. for propulsion in space [111].

Principle of hollow cathode system thin layer deposition is that hollow
cathode material is sputtered and either forms conducting layer on inner
surfaces of a plasma device or sputtered material can react with some plasma
compound (e.g. nitrogen or oxygen) to produce oxide or nitride layers [4].

Gas is flowing to the discharge chamber through the hollow metallic
nozzle which is powered and serves as a cathode. Plasma jet is then formed
at the exit from the nozzle. Cathode can be powered by DC [112], pulsed
DC [113, 114] and also RF [115] power supply.

High density plasma plume is formed at the exit of the nozzle by the
so called "hollow cathode effect”. Its principle is prolongation of electron
path in the plasma, so that more neutral particles can be ionized by electron
impact. In hollow cathode, electrons are reflected by the sheath near the
inner walls of the cathode back into the plasma [7].

Scheme of the plasma system with hollow cathode can be seen in figure
4.1, hollow cathode is positioned in the upper part of the device.

Hollow cathodes usually work at pressures from 10 Pa up to over 100 Pa.
In lower pressures the hollow cathode effect is not triggered and we can
sometimes observe only low density discharge between cathode and the con-
ducting wall of discharge chamber. For ignition it is sometimes necessary to
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Figure 4.1: Scheme of the discharge chamber with hollow cathode, which
serves also as a nozzle through which the gas is flowing to the discharge
chamber. Langmuir probe shown on the left together with probe power

supply.
have even higher pressure than for just discharge operation.

4.2 Experimental device

Our experimental device is the hollow cathode plasma jet system powered
by RF generator working on frequency 13.56 MHz.

Discharge chamber has cubical shape, hollow cathode is made of alu-
minium and is positioned in the upper part of the discharge chamber. In
the front and at one side the glass windows allow the observation of the
discharge. At the back of the discharge chamber there is a gas outlet con-
nected with the vacuum pump. Only primary vacuum pump is used — oil
vane pump with minimum pressure in chamber around 3 Pa. Near to the
gas outlet the Pirani manometer is placed, with which the pressure inside
the chamber is measured.

Because hollow cathode is considerably heated by RF power, the cooling
by the water is used.

Gas is delivered to the discharge chamber through the gas system con-
taining two branches (figure 4.2). Three flow-controllers are used to control
and measure the gas flows. First branch is to supply argon only, gas flows
through the flow-controller with the range 200 sccm. Second branch should
supply mixture of argon with iodine I and contains two flow-controllers,
one with the range of 100 sccm, other with the range of 20 sccm. Second
branch is closed when only argon is used.

Because iodine I3 is solid at normal conditions, iodine vapor generator
(figure 4.3) is placed in one gas flow branch. Iodine crystals are placed on
the porous silica surface, through which the argon is flowing. lodine vapors
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Figure 4.2: Scheme of gas flow showing two branches for the delivery of
either pure argon or of argon with iodine admixture.

are then carried to the discharge chamber by the flow of argon.

With higher flow rates it may be possible to encounter iodine precipita-
tion on the inside surfaces of the flow tubes. There is therefore possibility to
heat the part of gas flow system from iodine vapor generator to the discharge
chamber including special flow controller (range 20 sccm) whose electronic
part is separated from main flow-controller body and is connected by the
cable only. Temperature of the flow controller while heated is measured by
USB thermometer.

Energy to the discharge is supplied by RF generator working on the
frequency 13.56 MHz, with power up to 600 W. This generator is capable
to provide continuous or pulsed regime.

To deliver energy from RF generator to plasma with maximum efficiency
it is necessary to employ impedance matching. Impedance matching unit
which was used in our experiments can be seen on the photo 4.4. Impedance
matching circuit is usually kind of filter with tunable capacitors and induc-
tors. When the matching circuit is properly tuned, reflection to generator
is minimized [27].

There is always some loss of power in matching circuit, e.g. Scanlan et
al. [116] expects, that about 50% of power coming from RF generator is
lost.

Wires in the vicinity of radiofrequency system can also work as antennas,
therefore they are either emitting or receiving radiofrequency waves. We can
suppress this effect with proper shielding and grounding of the cables.
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Figure 4.3: Photo and scheme of the iodine vapor generator.

Figure 4.4: The impedance matching device showing one coil and two ca-

pacitors.
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4.3 Langmuir probe operation

As a diagnostics tool, cylindrical Langmuir probe was used, actually tung-
sten wire with the diameter 0.1 mm and the length ranging from 3 to 9 mm.
Position of the probe together with probe holder and probe circuit is shown
in figure 4.1. Probe circuit contains also power supply for probe bias setting
and multimeter to measure current flowing through the probe.

For power supplies control and data collection by multimeter by com-
puter, special measuring program was created in the environment of Agilent
VEE (see Attachment).

Probe tip was positioned 2 cm below the nozzle and was radially movable,
so it was possible to measure at different distances from the center of the
chamber and therefore in different distances from the nozzle.

Principle of Langmuir probe operation was theoretically described in sec-
tion 1.3.2. Here we will mention some specific aspects of measurement with
Langmuir probe, such as the behavior of Langmuir probe in radiofrequency
driven plasma and the problem of contamination of the probe surface.

From measured I-V (current-voltage) characteristics of Langmuir probe
we can obtain floating potential, then plasma potential and under the as-
sumption of Maxwellian electron energy distribution function (EEDF) we
can obtain electron temperature and electron concentration. We can also
obtain from the second derivative of electron current the distribution func-
tion of electrons. In case the EEDF is not Maxwellian we can obtain the
effective electron temperature T, .y from formula 1.16 and electron density
from 1.15.

Hollow cathode usually produces high density plasma which leads to
efficient deposition of thin layers on the inner surfaces of discharge chamber.
Such layers, and especially non-conducting layers, are detrimental for the
probe operation and therefore probe was cleaned by the ion bombardment,
when the probe was biased to high negative voltage around -48 V. Problem of
thin layer deposition was more pronounced at higher pressures in discharge
chamber (50, 80 and 100 Pa).

Because plasma devices often serve for thin layer deposition, probe mea-
surements also suffer from contamination of probe surface by deposited lay-
ers [117]. Non-conducting layers present greatest problem, because they
greatly distort measured probe characteristics and make it impossible to
obtain reliable results [118]. Even the presence of conducting layers only
can lead to distortion of characteristics caused by changing of the work
function of the probe surface. Another problem is deposition on the probe
holder, which can lead to bigger effective collecting area of the probe or to
the problems with probe circuit.

There are several ways to clean the probe surface: possibilities are ion
bombardment (probe strongly negative), electron bombardment (probe in
the range of electron saturation current) and heating of the probe (heated
or emissive probe).
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Figure 4.5: Photo of the RF compensation circuit which was placed inside
the probe holder. Two inductances (coils) and two capacitances were used
to filter the driving frequency and the first harmonic frequency.

4.3.1 Langmuir probe in RF plasma

Using Langmuir probe in RF plasma needs some consideration, because as is
mentioned e.g. by Chen [32], measured I-V characteristics is averaged over
many RF cycles and because of characteristics nonlinearity its transition
part is not so steep as in DC plasma [119]. Also estimated floating potential
is more negative and electron temperature is overestimated [120].

Reason of Langmuir probe I-V characteristics distortion is the oscillation
of plasma potential [121, 25], which is due to the fact that driving frequency
of plasma lies between electron plasma frequency and ion plasma frequency.
Lighter electrons can therefore still follow the changes of electric field, but
heavy ions react only to much slower changes. This effect occurs mostly
in sheaths around the probe and at the walls, which also form part of the
probe circuit.

To obtain undistorted I-V characteristics, it is necessary to employ RF
compensation. There are two basic types of RF compensation — active and
passive. Comparison of both compensation techniques can be found e.g.
in article by Annaratone et al. [122]. Some plasma characteristics can be
obtained with some care even without RF compensation [123, 124] or with
incomplete RF compensation [125].

Active RF compensation [126, 127] employs the external source of RF
signal with the same frequency as is the driving frequency of the RF gener-
ator. This signal with its phase shifted is delivered to the probe. There is a
criterion, that floating potential should be as near to the plasma potential as
possible to obtain good RF compensation. However the presence of higher
harmonic frequencies in the plasma may be a problem.

Passive RF compensation uses filter circuit placed as near to the probe
tip as possible. Usually it is placed inside the probe holder [128]. This circuit
is band-stop or low pass filter for driving frequency and for some harmonic
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frequencies, at least the fundamental one [129].
Circuit for RF compensation consists of capacitors and inductors which
fulfill relation (4.1) also known as Thomson relation [130].

1
2 f Jic (4.1)
Besides the RF filter, auxiliary electrode can also be used, which is con-
nected to the probe through the capacitor with high capacity. This electrode
feeds collected RF signal to the probe. This is called hybrid RF compensa-
tion [131].
In our experiments, passive RF compensation was employed (photo is in
the figure 4.5).

4.4 Experimental results

Experiments were performed in argon and later in argon with the small ad-
mixture of iodine I5. Argon experiments were made first, for the reason that
in the radiofrequency discharge many effects can be present which affect the
measured data, and we must be able to distinguish the effect of electroneg-
ative substance (iodine) from the effects caused by plasma oscillations or by
thin layer deposition on the probe surface or probe holder.

In the first experiments the Langmuir probe voltage supply reaching
up to 50 V was used, plasma potential was however not detected (in the
beginning, the detection of plasma potential was made by searching for the
maximum of the first derivative of the probe characteristics). When adding
second power supply capable to deliver additional 25 V (so that the probe
voltage could reach 75 V), it was possible to find the plasma potential which
in many cases was over 60 V.

Pulsed regime of RF generator was also examined, this however brings
some disturbing effects to the probe circuit (such as switching on and off
the power delivery), so that reasonable data cannot be obtained by the
Langmuir probe method.

Data were evaluated with the help of Origin program and also with
the help of special program START created by Pavel Kudrna [132]. Pro-
gram START is capable to calculate floating and plasma potential and also
electron temperature and electron and ion concentration under various as-
sumptions from the measured I-V characteristics.

4.4.1 Argon

Argon experiments were performed using only one branch of gas delivery
system (as is shown in figure 4.2). In first experiments, impedance matching
was tuned, so that nearly zero power is reflected back to the RF generator.

In figure 4.6 there is a photo of the discharge in the chamber. Color of
the discharge was changing slightly while changing pressure and discharge
was brighter for higher power. It was also possible to observe sheath around
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Figure 4.6: Photo of the discharge in argon at the pressure of 50 Pa.

the nozzle and around the walls because of its different color as compared
with the bulk plasma.

Plasma jet was observed below the nozzle as a brighter plume. It is the
plasma with higher density and higher electron energy, as was proved by the
later experiments.

I-V characteristics measured in argon showed dependence on the probe
position, on the power delivered to discharge, on the pressure in the discharge
chamber and on the gas flow.

In following graphs we can see dependence of measured I-V character-
istics on the probe position i.e. on the distance of the probe tip from the
center of the discharge chamber (graph 4.7), dependence on pressure (in
graph 4.8), on the power delivered to the plasma (in graph 4.9) and on the
argon gas flow (graph 4.10).

Dependence on the power as seen in graph 4.9 is actually the dependence
on the RF power coming from the RF generator and not on the power
delivered to the discharge. It is obvious, that some of power coming from
generator is lost in wires and in matching unit. Godyak [117] estimated,
that power lost in matching unit can be over 50% and in some cases can
reach 90%. That may be the reason, why the I-V characteristics measured
for different values of power are very near one to each other.

From the I-V characteristics first the floating potential and the plasma
potential were obtained. In graph 4.11 we can see changing of floating
potential with probe position and in graph 4.12 we see the changing of
plasma potential with the probe position. Plasma potential was calculated
from the zero crossing of the second derivative of the I-V characteristics.
When the probe position is zero, then the probe tip is just below the nozzle
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Figure 4.7: Measured I-V characteristics changing with the probe position.
Further from the nozzle there is lower electron current and also lower ion
current to the probe.
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Figure 4.8: Dependence of measured I-V characteristics on pressure in the
discharge chamber. Probe tip is positioned 0.5 cm from the center of the
discharge chamber.
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Figure 4.9: Dependence of I-V characteristics on the nominal power going
from RF generator. Probe is positioned directly below the nozzle.
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Figure 4.10: Dependence of I-V characteristics on the argon flow.
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Figure 4.11: Dependence of the floating potential on the probe position i.e.
on the distance of the probe tip from the center of the discharge chamber.

outlet and the vertical distance of the nozzle and probe tip is then about 2
cm.

Plasma potential is lower in the vicinity of the nozzle, which is to be
expected, as the nozzle serves as a hollow cathode.

It was observed, that Langmuir probe is starting to emit visible radiation
when reaching plasma potential. Current flowing to the probe is very high
and probe is heated. This leads to the cleaning of the probe surface, so the
probe I-V characteristics measured under the same conditions immediately
after the first measurement is different from the first and hysteresis occurs.

In the graph 4.13 we can observe the effect of hysteresis in the behavior
of the plasma potential. Each I-V characteristics was recorded first upwards
from zero bias to 70 V and then immediately downward to zero again. Sec-
ond measured characteristics was affected by saturation electron current
which caused the probe tip heating. This lead to the lowering of the plasma
potential, though the changing with position remained principally the same.

It was usually difficult to find the correct position of plasma potential,
because saturation of electron current was not observed and also because
many of the characteristics were noisy and very often also curvy. Curvy
characteristics were found to result from the thin layer deposition on the
probe surface. When bombardment of probe surface by ions was employed,
this effect was suppressed, but regular bombardment had to be performed
before each data set measurement.

In our experiments, measured plasma potential was usually very high,
showing considerable difference from value obtained from floating potential
using formula (1.13) which is valid for Maxwellian distribution of electrons
and which was introduced in the section 1.3.2 in chapter Theory.

When calculating plasma parameters from electron current, it is usually

66



6321 —o—6W /A A
CA-TW / o—eo oo

] y
63.0 / /
/

/ [
/
62.8 A
62.6 A °
62.4 A/ /oo/
622 : ° Argon
1 13.56 MHz, 40 sccm, 50 Pa
L ]
T 1

Plasma potential [V]

62.0 4

T :
0 5 10 15 20
Distance from nozzle [mm]

Figure 4.12: Plasma potential depending on the probe position. Estimated
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necessary to subtract ion current. This can be done by either linear or
parabolical approximation [39]. In many experiments ion current has very
small effect and subtraction of ion current leads to bigger error than leaving
it alone.

From the second derivative of the probe characteristics we can calculate
EEDF (electron energy distribution function) using Druyvesteyn formula
(1.14).

Differentiating process is very important for obtaining plasma param-
eters from I-V characteristics. There is however problem with the noise
on the characteristics, whose effect increases with differentiation, especially
when second derivative of the probe characteristics has to be calculated. It
was therefore necessary to perform smoothing of data. In our calculations
of EEDFs most often adjacent averaging or Savitzky-Golay smoothing were
used as provided by the Origin program.

When evaluating plasma parameters, collisionless models were taken into
account, since we expected that the mean free path of electrons (estimated
to be approximately 1 m) is much larger than the size of the probe. The
Debye length calculated from measured plasma parameters is some hundreds
of pm (approximately 0.4 mm).The sheath size (several Ap) is expected to
be greater than the probe size and orbital motion limit (OML) model is
expected to provide the most reliable data including the electron density
estimation from 1% vs V plot.

From second derivative of the I-V characteristics it was in some cases
possible to obtain electron energy distribution function (EEDF). In figure
4.14 there is EEDF in logarithmic scale. From the shape of the EEDF we
can deduce what distribution is present in the plasma. Calculated EEDF is
here normalized to the electron concentration.

In graph 4.15 there is possible to see electron distribution function for dif-
ferent probe positions. Nearer to the nozzle the EEDF is more Druyvesteyn-
like, while further from nozzle EEDF looks more like Maxwellian distribu-
tion.

In the graph 4.17 we can observe the shape of measured EEDF at the
pressure 30 Pa. The shape is Druyvesteyn-like and because of the lower
number of collisions than in higher pressure, there are more higher-energy
electrons than is present in higher pressure plasma as can be seen in the
graph 4.16. In the graph 4.17 the x axis is E?, so the graph shows typical
behavior of Druyvesteyn distribution which is linear in the E? vs log(EEDF)
plot.

In figure (4.16) we can see the comparison of two EEDF's calculated from
I-V characteristics measured in different pressures. It was observed, that at
higher pressure there is higher concentration of low-energy electrons and the
number of higher density electrons is lower and the EEDF is more steep for
high-energy electrons.

EEDFs are generally lower at higher pressure for otherwise the same
conditions. This effect is especially visible at higher energies. It is probably
result of collisions. It was also observed, that power delivered to the dis-
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Figure 4.14: Two EEDF on logarithmic scale measured in argon, showing
slight double-Maxwellian profile. EEDF is normalized to the electron con-
centration.
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Figure 4.15: Electron energy distribution function changing with the probe
position. Shape of EEDF shows double-Maxwellian profile.
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Figure 4.16: Two EEDFs on logarithmic scale measured in argon, showing
different courses depending on pressure. There is probably effect of collisions
which lowers the concentration of electrons.
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Figure 4.17: Electron energy distribution function measured at the pressure
30 Pa showing Druyvesteyn profile.
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Figure 4.18: Dependence of electron density on the probe position.

charge has small effect, probably from the reason, that substantial part of
the energy is lost in the impedance matching and in the wires [116] as was
already mentioned in the section 4.2 describing the experimental device.

From I-V characteristics electron temperatures and concentrations can
be calculated and dependence on the probe position can be observed. In
graphs 4.18 and 4.19 the dependence of electron density on the probe posi-
tion is shown.

In graph 4.20 we can see the position dependency of electron temperature
calculated from the second derivative of the I-V characteristics. Usually the
electron temperature is decreasing slightly when the probe tip is further
from the nozzle.

As can be seen from figure 4.20, electron temperature is increasing when
the probe is positioned nearer to the nozzle.

In some experiments we can observe changing of the shape of measured I-
V characteristics. This is probably connected with the thin layer deposition
on the probe tip surface and/or on the probe holder. In our first experiments
we tried electron bombardment to clean the probe, which was biased to a
high positive voltage and I-V characteristics was measured from zero up and
then again down. Results can be seen in figure 4.21, see also graph 4.13 with
plasma potential dependence.

Very often it was possible to observe, that I-V characteristics is more
curvy and this effect was more visible at first derivative of the probe char-
acteristics and even more at second derivative. In graph 4.22 we can see
the shape of I-V characteristics and the shape of its first derivative. This
shows that even if the I-V characteristics looks fine, there can be some effect
visible in I-V characteristics derivatives.

Later we prevented thin layer deposition by applying negative probe
voltage, so the probe was cleaned by ion bombardment. The question is
however, how long treatment is necessary to clean the probe sufficiently.

71



5.0 1 . Argon 50 sccm, 50 Pa, 12 W
48] .- Probe d = 0.1 mm, | =2 mm

46 / \

44

42 =R
4.0
3.8
364
3.4 \.
3.2 .
0 A —
02 00 02 04 06 08 10 12 14
Position [cm]

Electron density [10'° m™]

Figure 4.19: Dependence of electron density on the probe position.
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Figure 4.20: Dependence of calculated electron temperature on the probe
position i.e. on the distance of the probe tip from the center of the chamber.
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Figure 4.21: Hysteresis on the I-V characteristics.
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Figure 4.22: I-V characteristics and first derivative of the Langmuir probe
showing the effect of layer deposition on the probe surface. Even if there
is almost no effect visible on the I-V characteristics itself, first and second
derivative are greatly distorted.
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Figure 4.23: Three I-V characteristics are shown, in which only time of
treatment of the probe surface by ions bombardment changes. Short treat-
ment lasted about 120 s, long treatment 180 s. Negative voltage -48 V was
applied to the probe.

Later evaluation of probe parameters leads to the acknowledgement, that
our treatment was usually too short as is visible in measured EEDF's.

In fig. 4.24 we can see the example of EEDFs affected by thin layer
deposition on the probe surface which leads to the negative value (this effect
is described e.g. in [36] or [117]). The effect of thin layer deposition is more
severe at higher pressure and also at higher power delivered to the discharge.

When the probe was new, ion bombardment caused bright flashes of
light occurring on the probe tip surface. Those were probably the effect of
organic materials contaminating the surface.

In some measurements we observe changing of the plasma state during
the series of measurements — measured plasma parameters differ slightly
in following measurement, even if the probe is at the same place. In the
beginning the changing of the discharge color can be noticed. It is therefore
necessary to wait at least few minutes (better tens of minutes) for discharge
stabilization.

Measured concentration of 10'® in most measurements rises when the
probe is nearer to the center of the discharge chamber i.e. nearer to the
nozzle. Evaluated electron temperature is usually very noisy, but in some
experiments we can see, that measured electron temperature is increasing
slightly when the probe is nearer to the hollow cathode.
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Figure 4.24: Two results of calculation of EEDF in the case of dirty probe
showing negative part and distortion which leads to the impossibility to
obtain data from I-V characteristics.
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4.4.2 Argon with iodine

Todine Iy was admixed to the argon flow. It is electronegative element, so we
expect formation of negative ions and effect connected with the lower con-
centration of electrons in the discharge such as the lower discharge stability
and possibly the change of discharge color.

Because of presence of another charged particle the I-V characteristics
cannot be evaluated as in previous section, but more complex models must
be employed [24, 23, 21]. Also the effect of Is molecule dissociation must be
taken to the account for proper interpretation of measured data.

In figure 4.25 we present [-V characteristics measured in the mixture
of argon with iodine. We can observe, that when the probe tip is further
from the nozzle, the electron current is increasing as opposed to the course
observed in argon (as can be seen in graph 4.7) when the electron current is
lower when the probe tip is further from nozzle. Direct comparison of I-V
characteristics behavior in pure argon and in argon with iodine admixture
can be seen in graph 4.26.

From the observed behavior we can deduce that negative ions are formed
in hollow cathode, most often by dissociative attachment of low-energy elec-
tron to the iodine molecule, so that I~ ions are formed together with neutral
iodine atoms. Further from the nozzle the concentration of negative ions de-
creases possibly by the detachment of electrons (possibly caused by impact
with another particle) or eventually by recombination with positive ions.
When the detachment is caused by another iodine atom, the associative
detachment can occur and Iy molecule is formed.
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Figure 4.25: Three measured I-V characteristics in the mixture of argon with
iodine showing interesting effect of electron current fall when going nearer
to the center of discharge.
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Figure 4.26: Four I-V characteristics are compared, two when probe was
placed below nozzle and two when probe tip was placed 0.75 cm away. It is
shown, that most pronounced effect of negative ions can be found below the
nozzle while further from nozzle the characteristics are nearer one to each

other.
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4.5 Discussion of results and conclusion

Before the experiments it was necessary to build gas delivery system in-
cluding the connection with vacuum pump. Next step was building the RF
power delivery system. The last stage before experiments was building of
Langmuir probe circuit.

In the beginning the measurement were made in pure argon, just to test
the diagnostics and apparatus, and also for comparison of results. We met
however many problems, which lead to quite longer time measuring in argon
than was expected.

We measured several Langmuir probe current-voltage (I-V) character-
istics. From measured data some plasma parameters were estimated, like
floating potential, plasma potential, electron temperature and electron den-
sity.

To find a plasma potential from the I-V characteristic proved to be a
difficult task. Saturation of electron current was not observed and due to
the curved I-V characteristic (usually the result of thin layer deposition)
there appeared to be false zero crossings in second derivative. Fortunately
many of these zero crossings could be identified with the probe distortion,
still this lead to the big uncertainty in obtaining the position of real plasma
potential.

Highest plasma density was observed below nozzle, further from the noz-
zle there was lower concentration of charged particles. Also electron temper-
ature decreased with increasing distance of the probe tip from the nozzle.

Theory of particle collection when mean free path for electrons is over 1
meter means that electrons are in collisionless regime, as Ap is of order of
tens of microns and so comparable with the probe size, OML model should
be employed for description of electron collection by the probe.

When the iodine was admixed, the different behavior of the probe was
observed, especially there was dependence on the probe position which was
different from the dependence measured in pure argon.

Deposition of the thin layers on the probe surface appeared to be most
limiting problem and it was necessary to clean probe by ion bombardment
for at least one minute to ensure undistorted characteristics. Deposited
layers appeared to be insulating, this can be explained either by the fact
that only primary vacuum pump was used and some part of atmospheric
nitrogen and oxygen was still present in discharge forming compounds with
aluminium cathode sputtered material. Another source of material forming
insulating layers could be oxides on the hollow cathode surface.

To overcome this problem, we employed cleaning by ion bombardment,
when the probe is negatively biased. This was done before all measurements,
but the original time of treatment was too short to clean the probe properly,
so at the end the necessary time for cleaning was about 1 minute with voltage
-48 V (about -80 V compared with plasma potential).

Because we investigated only the plasma by the Langmuir probe and
not the layers, we do not know which mechanism leads to the forming of the
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insulating layers on the probe surface.

Measured I-V characteristics were processed in the program Origin, where
the first and second derivative were calculated usually after smoothing. Ob-
taining plasma potential proved to be difficult due to the probe surface
contamination with deposited thin layers.

It is very important to give proper credit to all difficulties which can
be encountered while measuring in RF driven plasma and moreover in the
device dedicated to thin layer deposition. We must therefore properly tackle
the problem of plasma potential oscillations and also problem of thin layer
deposition on the probe surface. When applying only low power, we can
observe, that effect of thin layer deposition is the main problem in our
experiments. It is also connected with the fact, that we use only one-stage
vacuum pumping and therefore we measure at rather higher pressures some
tens of Pa.
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Chapter 5

Conclusion

In this work the three main subject were studied, the chemical oxygen-
iodine laser (COIL), discharge oxygen-iodine laser (DOIL) and hollow cath-
ode plasma jet system. The common object in these three studied areas
is the iodine. Iodine atoms form active medium of laser (both COIL and
DOIL) and they can be obtained by different ways. Classical way is dissoci-
ation of I molecule by the collisions with singlet oxygen molecule O2(a'A,).
This method makes very simple laser system, because singlet oxygen also
serves for iodine atoms excitation. It has however few drawbacks which lead
to the alternative way of obtaining of iodine atoms.

Chemical way of obtaining iodine atoms from the HI (or DI) molecule
reacting with either chlorine atoms or fluorine atoms was studied. The
results are described in chapter 2. Concentration of produced atomic iodine
was high, but the laser gain was diminished by the forming of radicals HO5
or DOJ which quenched the singlet oxygen molecules. However laser power
exceeding 400 W was reached. Main diagnostic method was absorption
spectroscopy in the vicinity of 1315 nm.

Part of my work was the writing of the program for 1-D chemical kinetic
modeling of reaction system for the reaction of HI with F, including two
reaction 2.44 and 2.45 whose rate constants were not known. The second
reaction has beneficial effect on the overall system by removing both IF and
unreacted HI from the gas flow. The program was written in the Fortran
programming language which allowed creation of portable .exe files, listing
of the program can be found in Attachment on the CD. Some of the results
are shown in section 2.4.4.

There is also possibility to produce both singlet oxygen and atomic io-
dine (i.e. iodine atoms) in electric discharge as is described in chapter 3.
New experimental device was built for the dissociation of different molecu-
les containing iodine in capacitively coupled radiofrequency (RF) discharge.
Discharge chamber was part of the iodine injector from which the iodine
atoms were introduced into the primary gas flow. The injector also formed
supersonic nozzle together with the walls of device. During the experiments,
RF generator worked on the frequency 40 MHz, iodine donors were molecu-
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les CH3I and CF3l. Iodine as a halogen is electronegative, which effect quite
strongly the behavior of electric discharge by lowering its stability. Main
diagnostic method was again absorption spectroscopy in the vicinity of 1315
nm, but also emission spectroscopy was employed.

Part of the work was emission spectroscopy diagnostics of plasma in
the discharge chamber, especially the radiation from excited iodine I(?P; /2)-
It is however expected that only small part of iodine will be excited in
discharge, partly by the ultraviolet radiation originating in the discharge and
reflected by the wall and partly by collisions with other particles in discharge.
The radiation arising from I(2P /2) was detected, signal was however very
small, also from the reason that I(* P, /2) is metastable state. Two peak were
detected (with better resolution one another peak was distinguished), but
actually six peaks are present in the vicinity of 1315 nm arising from the
presence of sublevels. State I(2P} 5) has two and stare I(*Py)5) has four
sublevels with different total atomic angular momentum F [51].

In hollow cathode plasma jet system the discharge in argon and in ar-
gon with small admixture of Iy was studied. RF generator worked on the
frequency 13.56 MHz. Diagnostic method was Langmuir probe equipped by
passive RF compensation. From the current-voltage (I-V) characteristics
of Langmuir probe, plasma parameters were obtained such as floating po-
tential, plasma potential, also electron energy distribution function (EEDF)
from which the electron density n. and effective electron temperature Tt . ¢
were obtained. Several dependencies of plasma parameters were studied,
especially on the probe position and pressure. The effect of deposition of
the thin layer deposition on the probe surface was observed, as a method to
prevent this the ion bombardment of probe prior to measuring I-V charac-
teristics was used. Hollow cathode and performed experiments are described
in chapter 4.

My previous study was concerned with the emissive probe which is the
Langmuir probe heated to the temperature at which the electron emission
from the probe surface occurs. This method is used for direct measurement
of plasma potential and also to overcome the thin layer deposition on the
probe surface. Several articles were written by A. Marek and one also by
myself (see Publications).

In the course of my Ph.D. study I participated in the experiments per-
formed at the Institute of Physics, from which following articles resulted
written by V. Jirdsek [73, 74, 76, 77, 110], J. Schmiedberger [109] and
0. Spalek [62, 63, 75, 68]. I also participated in experiments performed at
the Faculty of Mathematics and Physics which resulted in articles written
by P. Kudrna [113], J. Kluson [133] and S. Leshkov [134]. Some more arti-
cles were published in WDS (Week of doctoral students) proceedings in the
years 2006 — 2009, 2011 and 2013 (see Attachments).
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