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Abstract 

 

The earth atmosphere in general and its ionospheric part in specific has a significant 

importance on the operation and reliability of a wide spectrum of geodetic applications. Being 

the backbone of radio communications systems, the ionosphere is a key player enabling 

transatlantic radio communications. Satellite communication dependency on the ionosphere as 

a propagation medium is also indispensable. The evolution of the ionosphere doesn’t only 

rely on the solar radiation but also undergoes a very sensitive reaction to solar variations. 

Strong magnetic variations in the interstellar magnetic field along with sudden massive mass 

eruptions, as a result of solar activities, may severely affect the ionospheric state and 

consequently lead to sudden variations with impacts on the electromagnetic waves 

propagating through it. Early ionospheric research efforts revealed a vertical profile of the 

ionosphere in terms of the electron density, a characteristic parameter which enables dividing 

the ionosphere into the D, E, E-sporadic, F1 and F2 layers. Each layer is characterized, besides 

the electron density, by a specific population of molecules and ions as well as a respective 

critical frequency and air pressure. 

 

In order to investigate the ionospheric behaviour under certain solar activities and its 

consequent influences on communication systems, an experimental simulation was 

conceptualized and built. Called “Ionospektroskop“, this ionospheric simulation prototype has 

been designed in a way to enable the generation of an ionospheric-similar plasma, to study its 

electrical characteristics, simulate its reactions to magnetic and electrical triggers and finally 

to ultimately reveal its influences on radio waves propagating through it in terms of signal 

fading and faraday rotations. 

 

The setup is built up of a vacuum tube, in which reproducible plasma is generated using a 

special gas discharge generation method based on a triggered DC gas discharge. Measuring 

the electrical plasma parameters was carried out using a high voltage measurement system, 

through which the free-floating potential gradients along the plasma spatial distribution and 

the total plasma current could be measured. An additional special Helmholtz coils 

configuration was built targeting the 3D sensing of the plasma currents as well as the plasma 

resonance occurrences. The coil’s configuration consists of 3 perpendicular ring coil pairs 

placed around the discharge tube to inductively measure the plasma current components in the 

x, y and z directions. To enable a qualitative diagnostic of the plasma species, an atomic and 
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molecular emission approach based on a wideband optical spectroscopic basis was employed. 

Due to the dimensions of the discharge tube and the maximum possible pressure beside the 

resulting electron density, a good electrical approximation of the ionospheric plasma in the D 

layer was established. 

 

The presented work is related to the first realization stage of the project “Ionospektroskop“, 

where the first experimental prototype was established, the system functionality was tested 

and the first results and drawbacks were determined. The work is divided into two parts: a 

theoretical preface and the practical setup. In the first chapter an overview of the sun-earth 

interaction is addressed including the solar anatomy, its magnetic field and the solar wind. 

Next an overview of the near-earth space, the ionosphere: its formation, structure and 

variations, space weather as well as the ionosphere-magnetosphere coupling is given. In the 

second chapter different ionospheric probing and modeling techniques are presented along 

with a comparison of these models. Next a closer look into the ionospheric effects on radio 

wave propagation is overviewed in chapter three. In the fourth chapter the basics of plasma 

physics are presented in terms of plasma classifications, parameters, collision physics and 

plasma conductivity in magnetized and unmagnetized plasmas. In the fifth chapter, gas 

discharge is handled with a special focus on glow gas discharge as being the basis of the 

employed method. Hereby gaseous processes including ionization processes and the Paschen 

law are presented. 

The practical part starts in chapter 6 including a detailed description of the goal-oriented 

design of the setup followed by the design specifications and electrical considerations. The 

electrical structure of the system is then presented in terms of plasma generation, the energy 

transport and modeling the discharge pulses. Additionally the free-floating measurements of 

the plasma potential, its spatial variations and distributions are also addressed in this chapter. 

Finally the construction of a new discharge tube for the sake of studying the transmission 

losses of propagating RF signals besides related experiments are given. 

 

Due to its importance, the optical spectroscopic approach is presented separately in details in 

chapter 7. Hereby a brief theoretical foundation is given handling different molecular 

transition modes such as the rotational, vibrational and electronic transitions. Next the 

employed methodology is presented and the search after possible atomic, ionic and molecular 

species is undertaken in details. In the last chapter, the conducted experiments are outlined 
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with an overview of the achieved tasks of the first prototype of the simulation apparatus as 

well as its restrictions. This part is termed by an outlook of further possible system extensions 

and further modifications and improvements toward the realization of the “Ionospektroskop” 

v.2.0. 
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1 
 

Sun-Earth Interaction 
 

 

1.1 The sun 

 

1.1.1 Introduction 

 

Being the center of the solar system with a mass of 1.9889×1030 kilograms (approximately 

99.86% of the total mass of the Solar System), the sun is the controller serving for the 

existence of the solar system with all its life forms [1.1]. Its spherical shape consists of 

plasma without solid components. The solar plasma is a gas mix of hydrogen (∼ 75% of the 

solar mass), helium and other heavier elements such as oxygen, neon, iron, carbon and other 

gases. Nevertheless, it is a misleading statement to say that the sun’s diameter is around 1.4 

million kilometers (about 109 times the diameter of earth) because the sun does not have any 

defined “surface”. The earth diameter is measured from the center to the edge of the 

photosphere, which is the layer above which the gases are too cold to radiate light and 

therefore forms the round borders seen by the naked eyes. In compliance to our understanding 

on earth, the sun would be therefore considered to be a “vacuum“. But due to its extremely 

strong gravitation it is one of the smoothest natural objects in the solar system. Its smoothness 

of the solar roundness is perfect at the 0.001% level [1.2]. 

 

The sun completes one full rotation around its spin-axis once every 27 days. This rotation is 

called differential rotation because the sun’s equatorial regions rotate faster than the polar 

regions (24 days vs. 30 days). The solar rotational axis is tilted by approximately 7.25 degrees 

from the axis of the earth’s orbit. The sun is considered by astrophysicist as an average star 

concerning its size, temperature and brightness. According to the current solar radiation 

power of 1026 watts, the sun is expected to continue producing this energy approximately for 

another 5 billion years. This energy of solar radiation is the main requirement for life on earth 
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and is potentially affecting earth weather, climate, ecosystems and hydrologic systems. For 

this reason, the sun was recognized even by pre-historic civilizations and the knowledge about 

it developed since then in a slow manner. The core of the sun is the origin of the solar energy 

where nuclear fusion takes place between hydrogen atoms. Very high pressure and 

temperature are essential requirements to force the fusion of atomic masses [1.3]. This 

happens as the extreme gravitational force of the sun pulls the mass inward to the core and 

creates thereby an enormous pressure and very high temperatures of 15 million degrees 

Kelvin. The convection of hydrogen atoms into heavier helium atoms started since the sun 

was formed 4.5 billion years ago, where it is assumed that the sun has consumed almost half 

of its hydrogen resources in its core so far. Each second of a nuclear fusion process costs the 

conversion of 700 million tons of hydrogen [see 1.3]. After the energy had been generated in 

the core by nuclear fusion, it is radiated through the radiative zone to the convection zones 

and forwarded through mixing transfers up to the photosphere. The photosphere is then 

responsible for radiating the energy to the outer space through the corona which is the upper 

space part encasing the sun. The radiated solar power propagates through space by about 

149.5 million kilometres (average distance between sun and earth) to reach the earth. The 

arrived solar power measured by the outer borders of the earth atmosphere is around 1.367 

W/m2. Only 40% of this energy arrives to the earth surface, where the rest is either absorbed 

or reflected by the atmosphere. 
 

1.1.2 Anatomy of the sun 
 

 
Figure (1.1): The structure of the sun and its main dynamic phenomenon [1.4]  
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The sun’s composition can be divided into two categories: The outer layers and the inner 

layers. Both temperature and density decrease exponentially when moving from the center of 

the sun toward its “surface“. The solar temperature and density distributions are shown in 

Figure (1.2). 

 
 

Figure (1.2): Temperature and density distribution inside the sun [1.5]. 

 

1.1.2.1 Inner layers 

 

1.1.2.1.1 The core: 

 

The core is the source of the solar energy extending from the center of the sun till 20 - 25% of 

the solar radius [1.6]. It exhibits the necessary two properties to enable nuclear fusion, which 

are: very high temperature (15 million degrees Kelvin) and very high density of 150 g/cm3 

[1.7]. Solar energy is generated in the core through a chain of fusion processes. The main 

chain is called p-p chain and results in generating helium atoms out of hydrogen 

atoms1besides energy release.  

                                                 
1 Another stellar fusion process called the Carbon-Nitrogen-Oxygen cycle (CNO) occurs only in larger stars. 
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The steps of the PP process are given by:  
 

• Step One - produce deuterium  
1H + 1H        ----> 2H + positron + neutrino  Eq.(1.1) 

positron + electron ----> gamma rays 

 

• Step Two - produce light helium  
2H + 1H         ----> 3He + gamma ray  Eq.(1.2) 

 

• Step Three - produce helium  
3He + 3He      ----> 4He + 21H  Eq.(1.3) 

 

Reactions 1 and 2 must occur twice in order to generate the required components of the 3rd 

reaction. 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.3): The PP reaction [1.8]. 

 

The rate at which hydrogen atoms are fused to helium atoms occurs 9.2×1037 times every 

second. As the reaction consumes four free protons of the hydrogen nuclei, it converts 

3.7×1038 protons into alpha particles (helium nuclei) every second. This is equal to 6.2×1011 

kg per second [1.9]. Even though only 0.7% of the fused mass is released as energy, the 

generated solar energy rate is 4.26 million metric tons per second, which is equal to 

384.6 (3.846×1026 W) [1.10]. This huge power is not due to the high generated power per 

volume, rather due to its large size.  
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The high-energy photons released in the fusion process are transported by a very slow 

absorption-re-emission process. The free photos are absorbed through the solar plasma in few 

millimetres displacements (typical displacement values range between 0.01 cm at the core to 

0.3 cm near the surface [1.11]) and are re-emitted again in all directions with a small energy 

loss. Travel time estimations for photons from the moment of release to reach the solar 

surface lies between 10,000 and 170,000 years [1.12]. 

 

The fusion rate in the core keeps in a self-correcting equilibrium state.  An increased fusion 

rate would cause the core to expand against other solar layers, which leads to an increased 

volume, lower pressure and consequently to a lower fusion rate. The same situation occurs 

reversed, when the fusion rate decreases, the core cools and shrinks slightly leading to an 

increase in the fusion rate to revert to its normal level [1.13]. The fusion chain stops at around 

30% of the solar radius and the generated thermal energy propagates through other successive 

layers to be transferred outward. 

 

1.1.2.1.2 Radiative zone 

 

 

 

 

 

 

 

 

 

 

Figure (1.4): Radiative zone [1.15]. 

 

In the region between 0.25 and 0.7 solar radii, a thermal convection-free zone exists and is 

responsible for transporting the thermal radiation, resulting from the fusion reactions taking 

place in the core, outward. Again with increasing altitude there is a temperature gradient with 

a temperature decrease from 7 million Kelvin to 2 million at the far boundaries of the 

radiative zone. The density decreases also exponentially from 20 g/cm3 to only 0.2 g/cm3 

from the center to the boundary of the zone [1.14].  
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The radiative zone and the core spin differently than the rest of the outer layers of the sun. 

The separating boundaries between the two different types of rotations are located on the 

outer boundary of the radiative zone and are called tachocline. 

 

1.1.2.1.3 Convective zone 

 

The convective zone extends from the surface until 70% of the sun radii. As the name states, 

energy convection takes place in this region. The temperature at the base of this layer lies by 

around 2 million Kelvin. Compared to the temperature values of the inner layers, this 

“cool“ temperature enables heavier atoms like carbon, nitrogen, oxygen, calcium and iron to 

keep some of their electrons. This makes this region opaque, which makes it hard for 

radiation to penetrate outwards. The trapped heat drives the fluid in this region to become 

unstable and it starts to convict the thermal energy to the surface. 

 

Basically the convection takes place when the temperature gradient is bigger than the 

adiabatic gradient (rate at which the temperature would fall if a material volume were moved 

to higher altitudes without adding any heat). This heat transfer mechanism or “convection” 

happens as hot material is carried to the surface. Once it cools down it plunges to the lower 

part of convection layer where it receives once again thermal energy from the radiative layer 

and move upwards in a continuous loop. The temperature at the end of the convection layer 

(on the surface) is around 5,700 Kelvin and the density is only 0.2 g/m3 [1.14]. 

 

The convective movement can be seen on the sun’s surface in the form of granuels and 

supergranules. Granuels are short time cellular features with about 1000 km across and they 

lay on the top of convection cells. Granules last normally only for 20 minutes as the hot fluid 

that arose from the convective zone cools and sinks inward along dark lanes. On the other 

side, supergranules are bigger versions of the granules where the radius could reach 35,000 

km and could last for one or two days. 
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Figure (1.5): The density gradient in the internal solar layers (core, radiative zone and the 

convective zone) against the altitude according to Dalsgaad model [1.16] 

[1.17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.6): The temperature gradient in the internal solar layers (core, radiative zone and the 

convective zone) against the altitude according to Dalsgaad model [1.16] [1.18]. 
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1.1.2.2 Outer layers 

 

1.1.2.2 .1 The photosphere 

 

Photosphere is the visible surface of the sun extending to about 100 kilometres above which 

solar energy leaves the sun freely. The small number of 𝐻𝐻− ions in this layer leads to a 

decreased absorption of visible light. Visible light is produced as electrons react with 

hydrogen atoms to produce 𝐻𝐻− ions [1.19]. As the temperature decreases with increasing 

altitude, a phenomenon called limb darkening [1.20] happens, where the center of the solar 

disk appears to be brighter than the edge of its limb. Compared with earth, the density of the 

sun’s photosphere is ~1023 m−3 which makes only 0.37% of the air density at sea level on 

earth. The photosphere is the show place for different solar events like sunspots, faculae and 

granuels (supergranules). 

 

1.1.2.2.2 Sunspots 

 

Sunspots are darks regions with very strong magnetic fields on the photosphere with 

temperature drops of 3700 Kelvin. The durability of sunspots is related to its size and may 

vary between few days and few weeks. The number of sunspots appears to be variable and in 

a relationship with the solar cycle, which is the period of change in the amount of solar 

radiation experienced on earth [1.21]. In the ascending phase of the solar cycle activity 

regions like sunspots start to appear often at high solar latitudes and reach its maximum at the 

solar cycle maximum. Sunspots tend to move toward the equatorial regions in the descending 

phase of the solar cycle with dramatically decreased numbers and occurrence frequencies 

until they reach their minimum at the solar minimum. 
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Figure (1.7): Monthly averaged sunspot numbers over the period 1750 - 2010 [1.22]. 

 

Sunspots appear in pairs or groups where one group will have a north magnetic field and the 

other will have the south magnetic field.  The darker the sunspot region is, the stronger is the 

magnetic field in it. The strongest field point “the darkest” is called the umbra and the 

weakest “lightest” is called the penumbra. Although the solar emissions are not potentially 

affected by sunspots, the accompanying magnetic activities can have big influences on the 

ultraviolet and X-ray emission levels. This would have key consequences on the earth’s upper 

atmosphere. 

 

1.1.2.2.3 Faculae 

 

Due to strong transparent concentrations of magnetic field lines, hot clouds of hydrogen build 

up on the sun’s surface mainly at the solar limb. Recent high-resolution images along with 

numerical simulations revealed that faculae originate from a thin layer within granules [1.23].  
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Figure (1.8): Solar faculae [1.24] 

 

Faculae are smaller sized than sunspots and cause the sun to appear lightly brighter (about 

0.01%) during a sunspot maximum than at sunspot minimum.  

 

1.1.2.2.2 Atmosphere 

 

The solar atmosphere is the seen part of the sun where outcoming light from the inner sun’s 

layers reaches space. The approximate temperature of the atmosphere is 6000 Kelvin [1.25]. 

The atmosphere is defined to be all sun’s parts laying over the photosphere comprising the 

following main zones: 

 

Temperature minimum 

500 km above the photosphere is the coolest region of the sun with an approximate 

temperature of 4100 Kelvin [see 1.20]. 

 

The chromosphere 

The layer above the temperature minimum is called the chromosphere.  This layer is 

composed of the extended gases from the photosphere. It extends 2500 km with an increasing 

temperature against the altitude but with a decreasing density. The temperature range in the 

chromosphere extends from 4500 to 10000 Kelvin. The most common dynamic phenomenon 

within the chromosphere is spicules. Spicules are short-time (10 Minutes) long stripes of 

dynamic jets originating from the photosphere layer below and moving upwards in velocity of 

about 20 km/s. Another phenomenon in the chromosphere are fibrils which are similar gas 

ejections but they are horizontal and with a double lifetime. Prominences are also spectacular 
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solar gases reaching altitude of 150,000 km. They are loop formed bright features consisting 

of cool plasma like those of the chromosphere. Normally, prominences are formed on a time-

scale of days and can remain up to months. 

 

The transition region 

Above the chromosphere, a 200 km thin layer with increasing temperature (20,000 to 

1,000,000 Kelvin [1.26]) exists and is called the transition region. The temperature increase is 

steered by the significantly reduced radiative cooling of the plasma due to full ionization of 

helium in this layer. On the other side, in the lower layers the partial ionization of helium 

dominates and therefore the effective energy radiation primarily contributes to the energy and 

heat increase. 

 

1.1.2.2.2.1 The corona 

 

The solar corona is the uppermost plasma “atmosphere“ of the sun with millions of kilometers 

extension into space, which can be best observed during a solar eclipse. Light emissions from 

the corona have been given different names, although the same volume in space is described 

herewith, like the K-corona (light scattering by free electrons), the F-corona (light bouncing 

off dust particles) and the E-corona (special spectral emission lines produced by ions). 

 

The corona has an average temperature of 3 million Kelvin and is at very low density (of the 

order of 1015 particle/m3). A precise explanation of the main heating process of the corona is 

still a subject of current debate. But the major explanation candidates include the induction by 

solar magnetic field and sonic pressure waves from inner layers. The coronal distribution 

around the sun is variable and dependent on the solar cycle as it is confined to the equatorial 

regions and consequently with coronal holes at the pole regions in the quiet times of the solar 

cycle. At coronal holes lower temperature, density and brightness plasma is available than at 

average. 

 

The composition of the corona does not deviate much of the structure of the sun’s interior 

except the complete ionization of the hydrogen atoms. Heavier atoms like iron are also 

present but without most of their external electrons. Spectral lines emitted by highly ionized 

iron allow the determination of the very high temperature of the coronal plasma against the 

internal layers of the chromosphere. As the upper layers of the corona are much hotter than 
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the lower ones, thermal conduction takes place inward. The thermal conduction process 

becomes accelerated in case that a magnetic field is available, where plasma concentrations 

become higher in the direction of the magnetic field lines and less in the perpendicular 

direction [1.27]. Due to Lorenz force, ions and other charged particles (free electrons and 

protons) bend the propagation path of the particles and constrain them to move in spirals 

along the field lines at “cyclotron” frequency. 

 

The coronal thermal conductivity in the longitudinal direction of the magnetic field [see 1.27] 

is given by 
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�𝑇𝑇52
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−1𝐾𝐾−1 Eq.(1.4) 

where 

kB  is the Boltzmann constant [1.28]. 

T   is the temperature in Kelvin. 

me is the elementary “electron“ mass. 

e   is the elementary charge. 

 

and according to the coulomb logarithm (the natural log of the Debye number2): 

 

𝑙𝑙𝑙𝑙 Λ = ln(12𝜋𝜋𝑙𝑙𝜆𝜆𝐷𝐷3 ) Eq.(1.5) 

 

and the Debye length: 

 

𝜆𝜆𝐷𝐷 = � 𝑘𝑘𝐵𝐵𝑇𝑇
4𝜋𝜋𝑙𝑙𝑒𝑒2 Eq.(1.6) 

 

The following fact was revealed: the coulomb logarithm is approximately 20 in the corona. 

This value corresponds to a mean temperature of 1 million Kelvin and a density of 1015 

particle/m3. Whereas the value of the coulomb logarithm is 10 in the chromosphere where the 

temperature is around 10,000 Kelvin and the particle density in the order of 1018 particle/m3. 

After the launch of Skylab in 1973 and later other x-ray photography space instruments, the 

                                                 
2 The Debye number describes the number of particle existing in a Debye sphere (a sphere with a radius of 

Debye length). 
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structure of the corona has been closely seen to be complex and very various. The following 

major active zones and events on the solar surface have been identified: 

 

1.1.3 Active regions 

 

The active regions called “coronal loops” are loop structures connecting points of different 

magnetic polarity in the photosphere, which are located in the region between the lower 

corona and the transition region. These regions are primarily concentrated in 2 zones parallel 

to the solar equator where the average temperature lies between 2 and 4 million Kelvin and 

the density amounts between 109 to 1010 particles per cm3. Coronal loops are strongly related 

to the solar cycle and they are therefore accompanied by sunspots. The coronal loops are 

categorized according to their temperature where loops with temperature below 1 million 

Kelvin are called cool loops, loops with around 1 million Kelvin are called warm loops and 

those beyond 1 million Kelvin are called hot loops. Each loop category radiates at different 

wavelengths [1.29]. 

 

Location 

 

Coronal loops exist on both active and quiet zones of the solar surface. Loops in active 

regions are normally small-sized but produce 82% of the total coronal heating energy. 

Coronal loops in active zones are generated by open magnetic structures whereas coronal 

loops in the quiet regions are caused by closed magnetic field lines and they deliver the rest of 

the coronal energy. The plasma of the coronal loops is heated in the transition zone as well as 

in the corona so that it experiences a temperature increase from 6000 Kelvin up to over 1 

million Kelvin. The footpath of the loop is filled on one point whereas a drain takes place on 

the other point. The plasma ascending movement through the foot path until the loop top is 

defined as a chromospheric evaporation whereas cooled plasma falling down toward the other 

foot of the path is called chromospheric condensation. In case of a symmetric plasma flow 

through the path, different features can develop in this region like darks filaments in the solar 

disk or prominences. Different active regions with opposite magnetic fields can be connected 

to each other to form interconnections, which are often observed after a solar flare. 
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1.1.3.1 Flares 

 

Flares are complex events taking place in active regions accompanied with sudden radiative 

flux and sometimes wide magnetic field lines reconnections along with material explosions. 

The average life duration of a flare lasts 15 minutes (the strongest events can last up to several 

hours). Flares can be observed across the electromagnetic spectrum from the decametric radio 

emission γ radiation in excess of 10 MeV. Flares are considered to be the strongest 

manifestations of solar activity. The energy released by a strong flare can reach 1-3x1032 erg 

(centimetre-gram-second) which is equal to the amount of energy which would be released in 

case that all earth resources of oil and coal would be burnt [1.30]. 

 

The development of a solar flare includes the pre-heating phase including the pre-necessary 

energy gathering. This phase is followed by fast plasma flows and restructuring of magnetic 

fields called the explosive phase. In case of a sequence of short powerful bursts, one speaks of 

an impulsive phase. During the previous phases electrons and ions are rapidly accelerated to 

high energies. The hot phase follows where the name is due to its X-ray emissions from high 

temperature and dense plasma in the corona.  

 

1.1.3.2 Flares and magnetic reconnection 

 

Magnetic reconnection is a physical mechanism where field lines from different magnetic 

zones are spliced together leading to a rearrangement of the magnetic topology. As a result of 

the magnetic reconnection, the magnetic energy is converted to kinetic energy and thermal 

energy and leads to particle acceleration. Explosions accompanying solar flares involve, 

normally, reconnections of large magnetic zones. This releases a huge amount of energy in 

few minutes, which has been stored in the magnetic zones over hours or days. Table (1.1) 

reveals the characteristic values of the total energy and power released by solar flares [see 

1.30, page 4]. 
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Form of the energy release Large Flares Subflares 
1. Radiation Energy Power Energy Power 
Soft X-ray and UV (3-5)x1031 (3-5)x1031 ≤ 1029 ≤ 1027 
Optical continuum      3x1031       3x1028 - - 
𝐻𝐻𝛼𝛼  line      3x1030       3x1027 ≈1026 ≈1024 
Hard X-ray (3-5)x1026 (3-5)x1023 ≤ 1024 ≤ 1022 
Gamma-ray (1-3)x1025 (1-3)x1022 - - 
Radio waves         ≈1024         ≈1021 ≤ 1021 ≤ 1019 
2. Accelerated particles  
Electrons (≥ 20 keV) (1-3)x1031 (1-3)x1028 1027 1025 
Protons (≥ 20 MeV) (1-3)x1031 (1-3)x1028 - - 

 

Table (1.1): Characteristic values of the total energy and power released in various forms in 

small and large flares. 

 

1.1.3.3 Coronal visible radiation 

 

At temperatures near 1 million Kelvin, the kinetic energy associated of hydrogen atoms 

amounts 130 eV, that is roughly 10 times bigger than the binding energy between them. This 

energy is enough to ionize other hydrogen atoms and release the outer electrons of heavier 

atoms. This electron mixture is subjected to the solar radiation and is accelerated by the wave 

electric field. This electron acceleration and radiation is called Thomson scattering [1.31] 

which is responsible for the visible coronal radiation till distances of a few solar radii. 

 

1.1.3.4 Coronal mass ejection (CME) 

 

A coronal mass ejection is a large eruption of plasma and magnetic field of the sun, which can 

contain a mass larger than 1013 kg and is able to reach a speed of thousands of kilometres per 

second [1.32]. CMSs are one of the most energetic forms of solar activities and they are 

normally associated with solar flares. Recent studies showed that CMEs are caused by 

magnetic reconnection as the unconnected magnetic fields and its material violently explode 

outwards [1.33]. The erupted material includes mainly electrons, protons and sometimes 

small quantities of heavier elements as helium and iron. 
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1.1.4 The sun's magnetic field 

 

The magnetic field of the sun is very large and complex. Keeping in mind that the surface of 

the sun is 12,000 times bigger than earth’s surface, the influence of the solar magnetic field is 

therefore very immense. The magnetic field of the sun has a spiral shape and extends far away 

into space beyond all planets (50 to 100 astronomical units AU). It envelops consequently all 

planets in an imaginary bubble form called “The heliosphere” and therefore its name the 

Interplanetary Magnetic Field (IMF). The spiral form of the magnetic field originates from the 

twisted form of both solar wind and magnetic field as the sun rotates. The highly magnetized 

solar wind is responsible for carrying the magnetic field over this vast extension [1.34]. As 

shown in figure (1.9) the magnetic field lines are spiralled, outward-pointing above the solar 

equator and inward-pointing below it. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.9): Interplanetary magnetic field [1.35]. 

 

The magnetic field of the sun can be imagined as being a superposition of a complex series of 

time-varying local fields. The magnetic field strength in the neighbourhood of big active 

regions can reach 4000 Gauss. This is much greater than the average field value of 1 Gauss. 

As being the main driver for solar activities discussed previously, the solar magnetic field has 

an indirect influence on earth including auroras at high latitude, disturbances of 
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communication systems and electrical power grids along with strong changes in the outer 

earth atmosphere [1.36]. 

 

1.1.5 Solar dynamo 

 

Like some other celestial objects, the sun is permeated by a dipole magnetic field created by 

an electrical current flowing in its deep. This current is created by the shear between different 

electricity-conducting parts of the sun during its overall differential rotation. According to the 

principles of magnetohydrodynamics, a shear between parts of a fluid can create a dynamo 

according to Lenz’s law. As the solar parts moves within a pre-existing magnetic field, 

electrical current is induced which distorts the pre-existing magnetic field. As a result of this 

distortion magnetic field lines become pulled along the movement direction of the fluid. 

According to the flow structure, the dynamo can be self-exciting and stable, self-exciting and 

chaotic or decaying. The sun’s dynamo is self-exciting and it is supposed to exist at the 

tachocline where large shear profile is exhibited. 

 

The α-ω dynamo 

 

The  ω effect 

 

Since the magnetic field lines are driven by plasma motion, solar magnetic fields are stretched 

out and wound around the sun due to its differential motion. It takes a north-south orientated 

magnetic field line 8 months to be wrapped once around the sun [1.37]. 

 

The  α effect 

 

Due to the Coriolis force, the magnetic field lines are twisted besides being wrapped around 

the sun. The name originates from the form of the twisted loops. Modern dynamo models 

assume that the reason of the α effect is due to the sun’s rotation on rising flux tubes being 

produced deep within the sun. 
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1.1.6 Solar wind 

 

Solar wind is defined as being constantly blowed high-energy particles from sun’s upper 

atmosphere creating the heliosphere. Due to the extremely high temperatures, hot coronal 

gases overcome the gravity of the sun and are blown in the space. The composition of the 

solar wind contains mainly high-energy electrons and protons (1.5 - 10 keV). Depending on 

its velocity, solar wind can be categorized into: slow solar wind (400 km/s and a temperature 

of 1.4 - 1.6×106 Kelvin) and fast solar wind (750 km/s and a temperature of 8×105 Kelvin) 

[1.38]. Observed over hundreds of years, the sun’s rotation decreased due the material or 

energy loss by the interactive features taking place on its surface layers like CMS and flares 

and transported away by the solar wind [1.39]. Solar wind results in interplanetary 

scintillations, which are fluctuations in celestial radio waves observed on earth [1.40]. 

 

Solar wind effects on stellar objects within the solar system 

 

High-energy particles composing the solar wind are mainly deflected by the Lorenz force 

when solar wind approaches a magnetic field of stellar objects like earth or Saturn. The shape 

of the earth magnetosphere is mainly driven by the solar wind, which exerts bending forces 

depending on its density, speed and direction. The outer border of such a well-developed 

magnetic field, known as the magnetopause, deflects the solar wind particles to travel in an 

orbit around the object rather than hitting the surface or atmosphere on it. Nevertheless, due to 

partial magnetic field lines reconnection [1.41], some particles are still able to penetrate. 

These particles interact with the earth magnetic field and the ionosphere causing magnetic 

storms and auroras. 

 

1.2 Near earth space 

 

The existence of the human life and technology on earth wouldn’t have been a reality without 

the very good shielding around earth. This shielding protects different kinds of ecological 

systems from a major part of the assaulting cosmic radiation and high-energy particles 

resulting from the very variable sun. The first essential shield is the magnetosphere which is a 

vast cage shielding the earth from all sides, offering a deflecting barrier against most, but not 

all, of the high energy solar electrons, protons and ions. The magnetosphere provides less 

defence against streams of ultraviolent, X-rays and gamma rays. The latter assaulting particles 
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along with high energy particles, which passed through the magnetosphere, are blocked to a 

great extent by oxygen and nitrogen atoms and molecules in the earth’s atmosphere. The 

atmosphere has a selective absorption process in which it allows solar heat and visible 

radiation to propagate toward earth, meanwhile it absorbs damaging ultraviolet, X and gamma 

rays. 

 

1.2.1 Earth’s magnetosphere 

 

Earth’s magnetosphere is a non-spherical region in space, despite the name, enveloping the 

earth and consists of a mixture of confined free electrons and ions. Many factors play a role in 

the shape’s determination of the earth’s magnetosphere beside the solar wind. Most important 

are: the geomagnetic field, the interplanetary magnetic field and its orientation with respect to 

the sun. While for the sunward side of the magnetosphere, the distance from earth’s center is 

about 70,000 km. The distance until the far most boundary of the magnetosphere called 

magnetopause, varies between 15 RE (95,500 km) during daytime and stretches to reach 20-25 

RE (127,000 km - 160,000 km) at night. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.10): Earth’s magnetosphere [1.42]. 
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The earth’s magnetosphere is the main source of dynamic processes affecting the 

geomagnetic field and is playing a key role in shaping the climate on earth and the near-earth 

space weather.  

 

1. Structure of the closed magnetosphere 

 

Magnetopause 

 

The boundary separating the solar plasma wind and the magnetosphere is called 

“Magnetopause”. The location of this boundary is defined by the hydromagnetic pressure 

balance between the magnetic pressure of the geomagnetic field and plasma pressure of the 

solar wind. The pressure balance at the magnetopause is given by 

 

2𝑙𝑙𝑚𝑚𝑉𝑉2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝐵𝐵
2

2𝜇𝜇0
 Eq.(1.7) 

 

where 𝑐𝑐  is the angle between the normal vector on the magnetopause and the upstream 

direction of the solar wind, B is the strength of the geomagnetic field on the earth’s side of the 

boundary, 𝜇𝜇0 is the permeability of free space, Vis the solar wind speed, m is the mass density 

of solar wind particles and 𝑙𝑙 is a factor describing the elasticity of the reflection process of 

solar wind particles on this boundary. Due to Lorenz force the charged particles of solar wind 

are bent when reaching the magnetopause and deflected around it creating a current called the 

magnetopause current. According to Chapman-Ferraro model, two predicted “neutral points” 

exist in the boundary above and below the polar caps sunwards. The magnetic field lines of 

force at the neutral points become zero. The field lines spreading around the neutral points are 

called “polar cusps”. The polar cusps configuration guides solar wind particles into the 

atmosphere causing the auroras. 

 

Bow shock 

 

As solar wind collides with the magnetosphere a shockwave is created due to the speed 

reduction and compression. Continuous speed reduction and surrounding heating 

accompanies further solar wind passes through the bow shock. Additionally, sudden increases 
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in the intensity of magnetic fields at the shock front causes further speed reduction of the solar 

wind. 

 

Magnetosheath 

 

Magnetosheath is the region between the bow shock and the magnetopause. Similar plasma 

characteristics as in the solar wind are available in this region, as it represents the region 

where direct contact between solar wind and magnetopause occurs. This transition region is 

the entering front of solar wind magnetic flux and particles into the magnetosphere. 

 

Magnetotail 

 

The comet-like “magnetic tail” of the magnetosphere consisting of two long magnetic “lobes” 

(one directed to the northern geomagnetic pole and the other to the southern) connected across 

the equatorial plane by a sharp bend shaped by the dynamic pressure of the solar wind. 

 

Magnetic reconnection 

 

As the magnetic field lines of force of both the solar wind and earth are dragged closer to the 

magnetopause (boundary), a stronger barrier current (according to Ampere’s law) results. 

Barrier points with small resistance attract the magnetic flux resulting in a magnetic field 

diffusion in the surroundings to compensate the loss at those points. Consequently different 

plasmas are mixed in the vicinity of the equatorial magnetopause. Magnetic reconnections 

taking place at the dayside transport the magnetic flux inside the magnetosphere, where it is 

stored. Across the center of the tail a sheet current flows from dawn to dusk called the “tail 

current”. At the mid-plane of the tail-current a near unmagnetized region exists called “neutral 

sheet”. The balance between the “neutral sheet” and the above located regions with high 

magnetic fields requires the existence of a plasma region around the neutral sheet called 

“plasma sheet”. Plasma sheet is enhanced by the intruding solar wind plasma in the course of 

magnetic reconnection building the magnetotail. The tail current is mainly caused by drifts of 

charges in the plasma sheet. 
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Evolution of plasma sheet and ionospheric currents 

 

Plasma sheet is composed of a near-neutral magnetic hot plasma thin layer in the region of the 

magnetotail. The distinct boundaries of the plasma sheet (between the X-point 120 RE and 

Earth) are due to the trapping mechanism of the plasma entering the sheet. This occurs 

because of the closed magnetic field lines inside the sheet (heading to earth) and the open 

lines outside (in the lobes) leading to a continuously increasing plasma density inside. An 

increasing pressure gradient exists inside the plasma sheet toward the center, resulting in an 

electric current to the duskside. Plasma flows toward earth at velocities, which can reach 

several hundreds of km/s depending on the reconnection efficiency. 

 

Because the ionospheric conductivity is finite and anisotropic, the ionospheric electric field 

produced by magnetospheric convection drives two current systems to evolve: a parallel 

current to itself called (Pederson Current) and a perpendicular to itself called (Hall Current). 

The divergent Pederson current flows from the morning side shear to higher and lower 

latitudes. To ensure its continuity field-aligned currents are required. The Hall current is 

produced by a combination of electric field drift and collisions. Ions colliding with neutral 

ionospheric atoms leads positive ions to drift slower than electrons creating an opposite 

current parallel to -E x B. The Hall current is directed sunward in the polar cap and 

antisunward in the auroral oval. Massive concentrations of the Hall current in high-

conductivity channels produced by auroral particle precipitation east and westward are called 

“Electrojets”. 

 

1.2.2 Radiation belts (Van Allen belts) 

 

First discovered by J. A. Van Allen and established by Explorer I during the international 

geophysical year 1957-1958, Van Allen belts are two radiation zones located at distances 

ranging from 650 to 650,000 km above the earth. The main structure of the belts consists of 

trapped charged particles, mainly electrons and protons, by the geomagnetic field lines 

extending from the south to the north geographic poles. The inner belt is smaller sized than 

the outer (800-4000 km vs. 6000 km) with more intense high-energy protons (10-50 MeV). 

The main origin of the trapped particles within the belts is proposed to be from cosmic 

radiation and solar flares, whereas some moderate energy particles (1-100 keV) are related to 

polar aurora.  
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1.2.2.1 Inner belt 

 

The inner zone of the Van Allen belts is composed of high energy protons with an average 

energy between 10-50 MeV and electrons with average energies of 1 MeV [1.43] [1.44]. At 

the upper boundary of the atmosphere, the rate of collision between the particles and the 

neutral gas atoms (neutral collision frequency) vn increases significantly leading to the 

removal of these particles through collisions with atmospheric neutrals [1.45]. But these 

neutral atoms are again hit by extremely high energetic galactic cosmic radiation (heavy ions3 

with energies >1 GeV) producing secondary, outward radiations, which have the form of 

high-energy neutrons [1.46]. These new generated neutrons decay with time decomposing to a 

proton, electron and neutrino. Due to the generation and loss mechanisms, the inner belt stays 

stable for relatively long periods of weeks and even months also in the in the presence of solar 

activities and geomagnetic storms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.11): Van Allen radiation belts [1.47]. 

 

1.2.2.2 Outer belt 

 

In contrary to the inner belt, trapped charged particles in the outer zone are more sensitive to 

disturbances originating from solar flares or cosmic radiation. This is due to their far 

                                                 
3 A heavy ion is defined as a charged atom of any element heavier than helium. 
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extension in the magnetosphere where small changes in the magnetic field are more 

pronounced. Trapped particles in this region are mostly electrons with energies between 100 

keV to 10 MeV. The particles flux densities vary quickly in comparison with the inner belt, 

due to injections by radiation storms from the far most end of the magnetosphere. The center 

of the outer zone is located between 4-5 RE and envelops the complete inner zone. The outer 

zone’s electrons become ejected toward the poles by Birkeland currents and are accelerated to 

much higher energies. The Birkeland currents flow along the magnetic field lines when 

plasma moves perpendicular to the magnetic field. 

 

1.2.2.3 Flux densities of the radiation belts 

 

Most flux densities registered and published so far reveal averaged values and not the 

maximum possible fluxes. This is due to two factors: firstly, the peak flux position and the 

flux density in the belts are subject to the solar activity and therefore are very variable. 

Secondly, the currently available space instruments for real time observation of the belts are 

still limited to provide a real time flux monitoring. 

 

Most of the employed flux density maps are based on computer generated models. One 

widely used model for flux density mapping in the Van Allen radiation belts is the AP8 model 

package. AP8 package contains 2 empirical models of the omnidirectional trapped protons 

flux. Omnidirectional means that the delivered flux values are averaged over the entire range 

of the arrival direction. Nevertheless it is important to note that omnidirectional does not 

necessarily imply isotropic where same flux arrives from all direction. AP8 models are 

derived from satellites measurement over the 1960s and 1970s [1.48]. 

 

The models return fluxes at energies ranging between 0.1 and 400 MeV at Mcllwain values 

(L) 4 between 1.15 and 6.6. Tabulations are used to extract the integral flux values as a 

function of L and the geomagnetic coordinates B (or B/B0) [1.59]. Any point can be 

parameterized in terms of L and θ using the following formula: 

 

𝑅𝑅 = 𝐿𝐿𝑅𝑅𝐸𝐸 sin2 𝜃𝜃 Eq.(1.8) 

 
                                                 
4 L-parameter describes the number of magnetic field lines crossing the magnetic equator at a specific distance 

of Earth-radii equal to L value. 
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Where 𝐿𝐿 is the geocentric distance at which the magnetic field line crosses the dipole equator 

and 𝜃𝜃 is the geomagnetic colatitude: the angle between the geomagnetic north pole to the 

geomagnetic equator measured eastward. The AP8 model package consists of two parts: 

 

AP8MIN: used for trapped proton fluxes evaluation near solar minimum conditions. 

AP8MAX: used for trapped proton fluxes evaluation near solar maximum conditions.5 

 

1.3 The Ionosphere 

 

The region in the upper atmosphere where enough plasma concentrations reside so that the 

frequency waves are reflected is referred to as the ionosphere. Atmospheric scientists and 

researchers refer to boundaries of the ionosphere with slight differences with respect to its 

overall spatial extension as well as the extension of its internal regions. 

 

1.3.1 Formation of the ionosphere 

 

The ionosphere is composed of ionized atmospheric gases. Atmospheric gases become 

ionized as a result of absorption of ionizing radiation or through collisions. A primary source 

of ionization through energy absorption is handled under the term atmospheric heating. At 

altitude regions below 170 km, the major heating source is the Shumann-Runge continuum of 

UV (130 - 175 nm). At altitude between 170 and 300 km, the extreme ultraviolet radiation 

EUV (≤ 102.5 nm) is the primary heating source. The collision process involves high 

energetic photons at UV/EUV and X-Ray frequencies, which are capable of dislodging an 

electron from an ionospheric atom or molecule during a collision [1.50]. The resulting free 

electrons undergo different “life times” as well as different concentrations with respect to the 

height profile. The ionospheric plasma generation is a continuous process and is coupled with 

a loss process where recombination between ions and electrons regenerate the neutral gas 

again.  

 

On a global scale, the earth’s ionosphere is divided into 3 major regions with respect to the 

geomagnetic latitude: equatorial region (±20° from the equator), mid-latitude region (50°- 

60°) and high-latitude region (>60°). The ionospheric processes in the high-latitude region 

                                                 
5 The AP8 models do not provide any means of interpolating to intermediate points in the solar cycle. 
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(known as auroral zone) are the most complex and are still subject to continuous research 

efforts. The plasma transport factors as well as its variations (seasonal, equatorial anomalies, 

solar-triggered variation and irregular structures) can be well described by the continuity 

equation. Under the consideration that ionospheric plasma is net neutral (consists of an equal 

number of positive ions and electrons), the continuity equation - for electron or ions - can be 

given by: 

 
𝜕𝜕𝑙𝑙𝑖𝑖
𝜕𝜕𝜕𝜕

+  ∇. (𝑙𝑙𝑖𝑖𝑣𝑣𝑖𝑖) =  𝑃𝑃𝑖𝑖 − 𝐿𝐿𝑖𝑖 Eq.(1.9) 

where 

𝑙𝑙𝑖𝑖  is the density of the ith ion species. 

𝑣𝑣𝑖𝑖  is the ion velocity. 

𝑃𝑃𝑖𝑖  is the ion production rate. 

𝐿𝐿𝑖𝑖  is the ion loss rate. 

 

The typical reactions involved in the generation of the ionosphere occur as follows: 

 

• Ionization of neutral particles by UEV radiation producing primary ions. 

• Rearrangement collisions between the primary ions and further neutral particles. 

• Dissociative recombination of molecular ions and free electrons. 

 

An example of the ion reaction chain in the F region is shown in table (1.2). 

 

1.3.1.1 Ionization by EUV 

 

Solar photons with energy levels higher than the ionization energies of the atmospheric atoms 

are required to fulfill the chain of the ionization chemical reactions. The ionization rate is 

dependent on the flux density, the atmospheric density and the ionization cross-section at the 

specific height. 
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Table (1.2): Major ion reactions in the F region. 

 

The ionization rate caused by EUV radiation 𝑞𝑞𝑖𝑖 for an ith ion species at altitude h can be 

mathematically expressed by 

 

𝑞𝑞𝑖𝑖 = Φ𝑁𝑁𝑖𝑖𝑄𝑄𝑖𝑖𝑖𝑖  Eq.(1.10) 

where 

Φ  is the EUV flux at height h. 

𝑁𝑁𝑖𝑖  is the neutral particle density at height h. 

𝑄𝑄𝑖𝑖𝑖𝑖  is the ionization cross-section. 

 

Due to the fact that Φ  and 𝑄𝑄𝑖𝑖𝑖𝑖  vary in reality with different wavelengths, the process of 

quantifying the ionization rate is usually divided into several wavelength bands. The mean 

values of the ionization rate can be calculated using 

 

𝑞𝑞𝑖𝑖 = 𝑁𝑁𝑖𝑖 ∑ Φ(𝜆𝜆)
𝜆𝜆 𝜎𝜎(𝜆𝜆)

𝑖𝑖𝑖𝑖  Eq.(1.11) 

 

An overview of the ionization potentials for selected ionospheric gases is given in Table (7.6). 

  

Chemical reaction Reaction type 
O + hv  O+  + e Photoionization 
N2 + hv  N2

++ e Photoionization 
O2+ hv  O2

++ e Photoionization 
O+ + N2 NO++N Rearrangement Collision 
O+ + O2 O2

+ + O Rearrangement Collision 
N2

+ + O  NO++N Rearrangement Collision 
NO+ + e  N+O Dissociative Recombination 
O2

+ + e  O+O Dissociative Recombination 
N2

+ + e  N+N Dissociative Recombination 
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Chapman theory 

 

Chapman, considered as one of the pioneer ionospheric researchers, was the first to quantify 

the ionospheric plasma resulting from ionization driven by solar flux. He suggested a simple 

scheme for the relationship between the existing of atmospheric molecules and the intensity 

of solar flux in different altitudes. Consequently, low ion production rates are expected at 

high altitudes due to the low population of the ionospheric species. Similar low rates are also 

expected at low altitudes where high populations of atmospheric species reside but the solar 

flux is low. Finally, at mid-altitudes the ions production rate would be at most because of the 

available species and the sufficient solar flux. 

 

1.3.1.2 Ionization by energetic particles (particle precipitation) 

 

Charged particles (often electron) with sufficient energies bigger than ionization energy are 

the second major source of ionization in addition to the photoionization. Collisions between 

these energetic particles and neutral particles emit the so-called Bremsstrahlung X-ray, which 

leads to further ionizations but in lower rates. This collision ionization form is more 

concentrated in the auroral regions because the charged particles follow the magnetic field 

lines. Particle precipitation is even the major ionization source in the ionosphere during 

intense solar activities. The major energetic particles are electrons and protons (𝐻𝐻+) along 

with other heavier particles, which amount to very small quantities (6% of the solar wind) 

[1.51]. The collision ionization rate hereby depends mainly on the energy loss experienced by 

an electron at a height h and on the pitch angle of the precipitating electron where the ion 

production exponentially increases with decreasing altitude.  

 

1.3.1.3 The upper ionosphere (F1 and F2) 

 

The ionization of atmospheric neutral species caused by EUV depends mainly on the type of 

these particles as well as on the wavelength of the EUV radiation (wavelength selectivity). 

 

Due to the mass differences between ions and electrons, diffusive movements of both 

particles occur along the magnetic field lines under the influence of the gravitational force. 

This leads to the generation of an electrical field in the direction of the magnetic field lines 

except on the magnetic equator (Ambipolar diffusion). At high altitudes where the 



 43 

gravitational force acting on ions balances with the plasma pressure gradient, the electron and 

ion density decrease by a factor of 1/e for every height decrease called 𝐻𝐻𝑐𝑐. This relationship is 

given by 

 

𝑙𝑙 = 𝑙𝑙0 𝑒𝑒
−ℎ

𝐻𝐻𝑐𝑐�  Eq.(1.12) 

 

where 

𝐻𝐻𝑐𝑐 =  2𝑘𝑘𝐵𝐵𝑇𝑇
𝑚𝑚𝑖𝑖 𝑔𝑔

 Eq.(1.13) 

 

and 𝑙𝑙0 is the integration constant, 𝑘𝑘𝐵𝐵  Boltzmann constant, 𝑇𝑇  is the temperature, 𝑚𝑚𝑖𝑖  is the 

ion’s mass and 𝑔𝑔 is the gravitation constant. This process is called the diffusive equilibrium. 

 

The evolution of the F2 region 

 

Until a specific height ho, the ions production and loss processes dominate in a way that the 

electron density ne continues to increase with the height increase in accordance to the 

photochemical equilibrium profile. At altitudes higher than ho the significance of the 

photochemistry decreases and the higher one goes, the more ne falls under the diffusive 

equilibrium. As stated above, 𝑙𝑙𝑒𝑒  decreases by a 1/e factor every height increase by𝐻𝐻𝑐𝑐 . At 

about 300 km an equilibrium state between both effects exits and leads to the maximum 𝑙𝑙𝑒𝑒 . 

During nighttime, the ion production process stops and consequently reduces the ion and 

electron density significantly. Nevertheless, plasma supply from the upper regions driven by 

ambipolar diffusion continues and preserves the form and altitude of the F2 region just with 

reduced electron densities. 
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The evolution of the F1 region 

 

The chemical balance caused by the recombination forms a region where molecular ions, 

mainly NO+ and O2
+, dominate. This region is located below a specific height of about 180 

km known as the transition altitude. When the peak altitude of the ionization rate, primarily 

the ionization of O, lies below the transition altitude, a bulge in the electron density evolves 

and forms the F1 layer. This layer appears more obviously during summer daytime as the 

solar zenith angle is small which leads to a lower peak altitude of ionization. 

 

1.3.1.4 The lower ionosphere (E and D layers) 

 

The evolution of the E region 

 

Due to the wavelengths selectivity, a unique region appears at heights between 90 and 

roughly 120 km known as the E layer. At altitudes above 200 km, the atmospheric species O 

is dominant, which does not absorb EUV at wavelengths more than 90 nm. Consequently, 

EUV wavelengths above this threshold pass through into lower altitudes almost without being 

attenuated. At these lower altitudes atmospheric N2 and O2 are dominant and causes a bulge in 

the ion production rate due to their increased concentrations as a result of their appropriate 

ionization cross-section properties; i.e. their suitable ionization wavelength sensitivity to the 

arriving EUV wavelengths. The electron production rates in this layer are primarily driven by 

the solar zenith angle. Consequently, the E layer experiences strong daily variations. 

 

The sporadic E layer 

 

An irregular thin layer (small vertical (few hundred meters to few km) and big horizontal (50 

-200 km) dimensions [1.52]) at the E-Layer altitudes with increased electron density exits 

called the sporadic E layer. Depending on the latitude, sporadic E layers can be classified 

into: equatorial, middle-latitude and polar layers. The formation of sporadic layers is often 

combined with the occurrence of shear winds. Shear winds occur when the neutral 

atmospheric wind, causing an upward particle drift, meets the westward flowing wind, which 

creates a downward particle drift. Ions become piled up into the region where the wind 

velocity divergence vanishes and are concentrated there. Beside the high ion production rates, 

a countering high combination reaction rate makes it impossible that a region with high 
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electron density materialize. The cessation of the neutral atmospheric wind leads to a rapid 

ion diffusion, which leads to the disappearance of this layer. 

 

The D layer 

 

At the altitude region between 60 and 90 km (mesosphere) the production rate of 𝑁𝑁𝑂𝑂+is 

dominant across other atmospheric species. This results mainly from the ionization by 

Lyman-α line (wavelength = 121.6 nm). The electron concentrations in this region depend 

mainly on the solar zenith angle as well as on the concentration of the 𝑁𝑁𝑂𝑂 species. 𝑁𝑁𝑂𝑂 is 

originally generated in the thermosphere and is transported into the mesosphere. At regions 

above the transition altitude of 80 km, 𝑁𝑁𝑂𝑂+ is dominant whereas at lower regions a 

complicated reaction process creates hydrated ions out from primary ionized species like 𝑁𝑁𝑂𝑂+ 

and 𝑂𝑂2
+.At regions rich with hydrated ions like H+(H2O) and NO3(HNO3) and H2O, rapid 

electron densities drops occur, because the dissociative recombination rate of these ions is 10 

times faster than that of the 𝑁𝑁𝑂𝑂+ - Electron recombination. 

 

 
 

 

Figure (1.12): Atmospheric composition 

to 1000 km for a typical 

temperature profile (US 

Standard Atmosphere, 

1976). 

 

 

Figure (1.13): Typical vertical profiles of 

electron density in the mid-

latitude ionosphere (After W. 

Swider, Wallchart Aerospace 

Environment, US Air Force 

Geophysics Laboratory). 
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1.3.2 Ionospheric variations 

 

One of the most useful characteristics of the ionosphere is its well-known ability to reflect 

shortwave signals. When neglecting the effects of the magnetic field, signal reflectivity occurs 

when the frequency of the transmitted signals matches the frequency of ionospheric electron 

plasma called the cutoff frequency (critical frequency) fc. The critical frequency can be 

directly derived from the maximum electron concentrations in the ionospheric region 𝑙𝑙𝑒𝑒(𝑚𝑚𝑚𝑚𝑚𝑚 ) 

measured in [m-3]. This relationship is given by 

 

𝑓𝑓𝑐𝑐 ≅ 8.98�𝑙𝑙𝑒𝑒(𝑚𝑚𝑚𝑚𝑚𝑚 ) [Hz] Eq.(1.14) 

 

Thus, the maximum electron density is a characterizing parameter for ionosphere and is 

mainly used to profile its stratified regions. This should not convey the impression, that the 

ionosphere has a stable nature. On the contrary, the ionosphere is a subject of severe temporal 

and spatial variations, which will be addressed next. 

 

1.3.2.1 Equatorial anomaly 

 

In the magnetic equatorial region, the plasma flow has 2 components: a parallel and a 

perpendicular component with respect to the magnetic field lines. The existence and 

interaction between these components result in a structure composed of two regions diverging 

from the equator with high electron densities called the equatorial anomaly. This structure is 

directly initiated through the combined effect of the upward 𝐸𝐸 × 𝐵𝐵 drift and the subsequent 

downward diffusion drift along the magnetic field lines. As a result of plasma redistributions 

along the magnetic field lines, electron density drops occur directly above the magnetic 

equatorial region and regions with maximum electron densities evolve in the vicinity of 

magnetic latitudes between 10° and 15°. The equatorial anomaly is initiated by the increasing 

ionization at sunrise and continues through the night hours even after the reversal of the 

electric field westward. This has proven that the plasma flow responsible for the equatorial 

anomaly is not reversible. 
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1.3.2.2 Ionospheric dynamo 

 

In order to describe the motion behaviour of the ionospheric charged particle, it is important 

to pinpoint the relationship between this motion and the collision frequency between them 

and other neutral species. The motion behaviour of charged particles is influenced by the 

gravitational force, the Lorenz force, the pressure gradient and forces resulting from collisions 

with other neutral species. At the state of equilibrium, the behaviour of charged particles can 

be expressed in terms of the equation of momentum as the following [1.53] 

 

For ions 

 

𝑚𝑚𝑖𝑖𝑙𝑙𝑒𝑒
𝑑𝑑𝑣𝑣𝑖𝑖
𝑑𝑑𝜕𝜕 = −𝑙𝑙𝑒𝑒(𝐸𝐸 + 𝑣𝑣𝑖𝑖 × 𝐵𝐵) − ∇𝑃𝑃𝑖𝑖 −𝑚𝑚𝑖𝑖𝑙𝑙𝑒𝑒𝑣𝑣𝑒𝑒𝑙𝑙 (𝑣𝑣𝑒𝑒 − 𝑢𝑢) + 𝑚𝑚𝑖𝑖𝑙𝑙𝑒𝑒𝑔𝑔 Eq.(1.15) 

 

For electrons 

 

𝑚𝑚𝑒𝑒𝑙𝑙𝑒𝑒
𝑑𝑑𝑣𝑣𝑒𝑒
𝑑𝑑𝜕𝜕 = −𝑙𝑙𝑒𝑒(𝐸𝐸 + 𝑣𝑣𝑒𝑒 × 𝐵𝐵) − ∇𝑃𝑃𝑒𝑒 − 𝑚𝑚𝑒𝑒𝑙𝑙𝑒𝑒𝑣𝑣𝑖𝑖𝑙𝑙 (𝑣𝑣𝑒𝑒 − 𝑢𝑢) Eq.(1.16) 

 

where 

𝑔𝑔: the acceleration of gravity. 

𝑚𝑚𝑖𝑖 ,𝑚𝑚𝑒𝑒 : ion and electron mass. 

𝑙𝑙𝑖𝑖 ,𝑙𝑙𝑒𝑒 : ion and electron density. 

𝑣𝑣𝑖𝑖 , 𝑣𝑣𝑒𝑒 : ion and electron velocity. 

𝑣𝑣𝑖𝑖𝑙𝑙 , 𝑣𝑣𝑒𝑒𝑙𝑙 : ion-neutral and electron-neutral collision frequencies. 

𝐸𝐸,𝐵𝐵: electric and magnetic fields. 

𝑃𝑃𝑖𝑖 ,𝑃𝑃𝑒𝑒 : ion and electron thermal pressure. 

 

Practical measurements revealed that the collision frequency between ions and neutral 

particles 𝑓𝑓𝑐𝑐(𝑖𝑖𝑙𝑙 ) exceeds the gyrofrequency of ions Ω𝑖𝑖at height lower than 125 km, whereas the 

collision frequency between electrons and neutral particles 𝑓𝑓𝑐𝑐(𝑒𝑒𝑙𝑙 )  underlies the electrons 

gyrofrequency Ω𝑒𝑒continuously. 
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Although charged particles are affected by the neutral atmospheric wind, the collision effects 

on their motion differ as the ions move across the magnetic field lines with neutral wind and 

electrons do not. This differential motion creates a polarization electric field, whose effect is 

known as the ionospheric dynamo. For the description of the equatorial anomaly and the other 

mid- and low-latitude ionospheric structures, the magnetic dip angle 𝐼𝐼𝐷𝐷  is considered to be 

one of the most important magnetic parameters.  

 

The dip angle is practically the angle between the magnetic field line and the horizontal line 

and is defined as follows: 

𝐼𝐼𝐷𝐷 = tan−1 � 𝐵𝐵𝑧𝑧
�𝐵𝐵𝑚𝑚2+𝐵𝐵𝑦𝑦2

� Eq.(1.17) 

 

With an earth-centered positioned dipole, the magnetic latitude 𝜆𝜆𝐷𝐷  can be dervied directly 

from the dip angle according to the following relationship 

 

tan(𝜆𝜆𝐷𝐷) = 1
2

tan(𝐼𝐼𝐷𝐷) Eq.(1.18) 

 

1.3.2.3 Periodic variations 

 

Long-term variations 

 

Observations conducted at different magnetic latitudes over last decades have shown a clear 

and strong correlation between the plasma electron densities and the sunspot number, 

specifically speaking, the almost 11 year solar cycle. Solar activity indices were used for this 

task defined as the sunspot number with the field strength at specific wavelengths of the solar 

radio flux like the F10.7 at a wavelength of 10.7 cm. These indices showed a strong correlation 

between the measured ionospheric variations and the EUV radiation strength responsible for 

the ionization energy supply. 

 

Short-term variations 

 

Short-term variations can be classified into variations on a seasonal and a daily basis. 
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Seasonal variations 

 

High electron densities are observed near spring and autumnal equinoxes whereas low-density 

values are registered, unexpectedly, during summer time. This can be explained by the 

dynamic atmospheric mechanisms governing the ion production and loss rates. Thus, the 

balance between ion production and loss reactions, beside the atmospheric composition and 

changes in the atmospheric wind and electric field are the major factors controlling the 

electron densities in the ionosphere. 

 

Daily variations 

 

Beside the seasonal variations, ionospheric variations on a daily basis have been observed. 

These variations are mainly driven, beside the magnetic field, by the atmospheric dynamic 

processes, which include: 

 

Variations in the ion production and loss balance due to changes in the thermospheric gaseous 

composition. The thermospheric composition is mainly affected by ionospheric storms, which 

are normally accompanied, by increased geomagnetic activities. 

 

Travelling ionospheric disturbances (TID): which are irregular wave movements in the 

thermospheric neutral part along the magnetic field lines. This causes the ionosphere to 

become lifted or lowered and causes consequently an alteration in the collision frequency 

between ions and neutral species, in other words changes in the electron densities. These 

variations are superimposed in daytimes in near 2-hours steps. 

 

The increasing 𝑙𝑙𝑒𝑒  values during daytime and decreasing during nightimes are explained by 

the temporally restricted activity of the photoionization over daytime. Nevertheless, 𝑙𝑙𝑒𝑒values 

are kept at a certain level during nighttime, although the ion production process is stopped. 

This can be explained by the neutral atmospheric wind dynamics in the meridional plane. At 

middle altitudes the neutral wind blows toward the poles during daytime and toward the 

equator during night-time. At night, collisions between ions and neutral particles produce an 

upward force exerted on the plasma along the magnetic field lines. This arranges a plasma 

supply into the upper altitudes and maintains the existence of plasma at these heights. 
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On the other side, this maintained ionization level can be explained by the existence of the 

plasmasphere. During daytime, some plasma structures generated at low altitudes are diffused 

to middle latitudes. At regions higher than 1000 km, the percentage of atomic hydrogen 

dominates the atmospheric composition over the Oxygen percentage. This facilitates an easy 

charge transport between H and O according the following reaction: 

 

𝑂𝑂++ H ⇌ O + 𝐻𝐻+ Eq.(1.19) 

 

Thus, 𝐻𝐻+ ions are dominant at this height, known as the plasmasphere despite not having a 

distinct boundary. During nighttime, the 𝑂𝑂+ supply from the lower altitudes ceases, which 

forces the reaction to change to the left side, creating more 𝑂𝑂+ ions. The generated 𝑂𝑂+ ions 

are then diffused downwards and present an almost continuous plasma supply back to the 

ionosphere. 

 

Beside the above described cyclic variations of the ionosphere, there exit other irregularities 

in the ionospheric structures in an irregular and unpredictable manner. These irregularities can 

extend from few hundred meters to several tens of kilometres. When considered on a global 

scale these variations are still classified as small-scale fluctuations. A primary source of these 

instabilities is electrical currents crossing the magnetic field lines. Localized fluctuations in 

the electron densities produce a polarization electric field, which amplifies the electron 

density variations leading to an unstable state of the ionosphere. 

 

1.4 Ionosphere-magnetosphere coupling 

 

The logic behind the interactive coupling between the magnetosphere and ionosphere can be 

summarized in the interaction between the both systems as follows: 

 

An electric field mapping between the ionospheric fields and the magnetospheric convection 

processes exists, in which the magnetospheric convections drive, enhance and affect these 

currents by different mechanisms such as plasma flows and particle precipitations. The 

induced ionospheric fields actively interact with the ionospheric currents being induced by 

them (according to the Ohm’s law). The ionospheric currents are also interacting with the 

magnetospheric currents, which are - in turn - a direct result of the magnetospheric 

convections (according to the kinetic theory). 
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1.4.1 Electric current systems in the near-earth space 

 

The density and the direction of the ionospheric current vector is a function not only of the 

ionospheric electrical conductivity but also of other electrical and mechanical driving 

functions affecting both the magnitude and direction of this vector. Additionally, the 

geomagnetic field exerts a guiding effect upon the charged particles trapped in the earth’s 

radiation belts as well as upon the free moving particles in the earth’s ionosphere resulting in 

a varying conduction rate and consequently a varying tensor conductivity. 

 

1.4.1.1 Ring current 

 

Beside the geomagnetic field, electrical currents circulating in the magnetosphere and flowing 

in the magnetospheric plasma create also secondary magnetic fields. These secondary 

magnetic fields extend the earth’s magnetism far beyond the borders it would have had just 

through the internal geomagnetic field alone. Electrons and positive ions circulate toroidally 

(doughnut-shape) around the earth without energy gain or loss in a motion known as guiding 

center motion. Clockwise resultants circulate motion of positive ions (circulating clockwise) 

and electrons (circulating counterclockwise) is known as the ring current. 

 

The ring current is centered at the equatorial plane at latitudes of 10,000 - 60,000 km and 

undergoes changes, which are responsible for global decrease in the surface geomagnetic field 

known as geomagnetic storms. The ring current is formed as the geomagnetically-trapped 

charged particles are subject to drift motions due to the gradient and curvature of the 

geomagnetic field.  



 52 

1.4.1.2 Sq-current 

 

Atmospheric tides represent an important dynamic process driving the diurnal and semi-

diurnal atmospheric variations. These variations are mainly driven by the atmospheric heating 

triggered by the solar radiation. The electrical current generated by this atmospheric motion is 

called the solar quiet current or Sq. The Sq-current is composed of two vertices in the 

northern and southern hemisphere meeting at the equator and is mainly concentrated in the 

dayside region. 

 

1.4.1.3 Equatorial electrojet 

 

This current results from the meeting of the northern and southern vertices of the Sq-current 

and is amplified due to the enhanced conductivity in this region due to the special geometry 

of the geomagnetic field at the equator beside the most perpendicular incidence angle of the 

solar radiation. The equatorial electrojets cause strong magnetic field variations (weakening 

the horizontal geomagnetic field) of about 50 - 100 nT at noon [1.54]. 

 
1.4.2 Space weather 

 

The term space weather has been defined in different ways where almost all definition 

variations have a major aspect in common which is: referring to the time-variable conditions 

in space environment which can influence the performance and reliability of space-borne or 

ground-based technological systems. Systems which are susceptible to geomagnetic 

variations like satellites and power-grids are examples of the technological systems addressed 

in the common definition. The vulnerability of these systems to the space weather has gained 

more attention and research in the last years. The efforts concentrated on increasing the 

understanding of solar activities and their risks, increasing the warning time before hazards 

hits the earth and on establishing a risk assessment plan to mitigate their effects [1.55]. A 

study conducted by US. Department of Homeland Security focused on the possible impact of 

severe space weather conditions on vital communications and power grids including the 

plausibility of proposed worst-case scenarios and proposing different mitigation techniques to 

reduce the impacts of such happenings.  
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Obviously, a collaboration between different satellites systems and space research centers on 

a global scale is needed to achieve a reliable comprehensive monitoring and warning system 

including the most advanced programs of: 

 

• US Space Weather Program. 

• US-NASAs Living with a Star Program. 

• ESAs Space Weather Program. 

• SWENET, Space Weather European Network. 

• The Australian IPS Radio and Space Services, The Australian Space Weather Agency. 

• The Canadian Space Weather Program. 

 

The major space weather driven hazards affects [1.56]: 

 

1. Open-air radio communications like the old telegraphic communication till the middle 

of the 20th century. 

2. Submarine telecommunication systems through the breakdown of the signal repeaters. 

3. Ground-based computer systems’ chips by cosmic rays. 

4. Space-based computers chips due to overcharging. 

5. Satellite mission failure (Telstar-401) or interruption (Anik-E1). 

6. Mobile and satellite telephones. 

7. GPS-based systems due to signal degradation resulting from severe ionospheric 

conditions. 

8. Electrical power grids due to the transformer overheating. 

 

To illustrate the possible consequences of these effects, one case can be addressed as in 

March the 13th 1989 a big geomagnetic storm was responsible for saturating the transformers 

of the power grids of Hydro-Quebec Power Authority in Canada-Quebec province. The result 

was a complete blackout for 6 million people.  
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2 
 

Ionospheric Modelling 
 

 

2.1 Ionospheric modelling techniques 
 

The most important parameter for modelling radio wave propagation in the ionosphere is the 

electron density. This parameter reaches its maximum in a typical electron density profile at 

the F2 peak, respectively the plasma frequency foF2, at heights between 300 and 500 km. 

Beside the foF2 other peak electron densities are important for ionospheric mapping such as 

those of F1(100 - 200 km) and E layers (~110 km). The assessment of these characteristic 

frequencies and parameters, either by direct measurement or by mathematical approximation, 

has been one of the core targets of ionospheric sensing efforts. These direct measurement 

approaches can be roughly classified into ground-based and space-based according to the 

location of the sounding devices. On the other side, the mathematical modelling methods can 

be classified into theoretical-physical, parametric and empirical models. These measurement 

and modelling methods will be overviewed in this chapter. 
 

2.2 Ground-based ionospheric probing methods 
 

Using the refraction characteristic of the ionosphere has been the basis of much of the 

ionospheric probing techniques, where an unmodulated pulse is vertically transmitted into the 

ionosphere, becomes reflected at a specific ionospheric height and received back. The 

reflection height, known as the apparent height ℎ𝐴𝐴 , does not correspond directly to the 

ionospheric reflection point since the electromagnetic wave propagates slower in an 

ionomagnetized medium than in space. However, the true reflection height ℎ𝑇𝑇  can be derived 

from the apparent height (which is greater than the true height because the group refractive 
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index is >1), which is a function of the transmission frequency, electron density and magnetic 

field strength [2.1]. The apparent height ℎ𝐴𝐴 is given after Davis [2.2] by 

 

ℎ𝐴𝐴 = ∫ 𝑙𝑙𝑔𝑔𝑑𝑑ℎ = ℎ𝑐𝑐 + ∫ 𝑑𝑑ℎ
𝑑𝑑𝑐𝑐𝑙𝑙𝑔𝑔(𝑐𝑐)𝑑𝑑𝑐𝑐𝑐𝑐𝑇𝑇

𝑐𝑐𝑐𝑐
ℎ𝑇𝑇

0   Eq.(2.1) 

where 

ℎ𝑇𝑇  is the true ionospheric reflection height. 

0   is the earth’s surface. 

𝑙𝑙𝑔𝑔  is the group refractive index. 

𝑐𝑐  is a function of the electron density; at the earth’s surface 𝑐𝑐𝑐𝑐  and the true 

reflection height 𝑐𝑐𝑇𝑇 . 

 

Beside a vertical incident angle of the transmitted ionospheric probing pulses, oblique 

incident angles can be also employed. Hereby a relationship between the vertical and oblique 

incident frequency had to be established, which can be found in [2.1] and [2.2]. 

 

2.2.1 Ionosondes 
 

The basic concept of ionosondes is based on transmitting a sweeping high frequency signal 

upwards and calculating the required travel time after being reflected by the ionospheric layer 

when the frequency of the transmitted signal coincides with the characteristic frequency of the 

ionospheric region (depending on the plasma frequency; fp = (80.5N)1/2 Hz, where N is the 

electron density per m3). Again (as stated in section 2.2) the registered apparent height must 

be translated to the true height. The transmission frequency is related to the ionospheric 

reflection height is typically provided by the ionograms, where the transmission frequency is 

plotted against the apparent reflection height. The true height calculation is normally achieved 

analytically by software. A well-known true height analysis program is POLAN [2.3] [2.4].  
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Typical ionosonde specifications include: 

 

1. Frequency range 

Typical ionosonde upper frequency for obtaining overhead electron densities lies around 20 

MHz, whereas the lower frequency limit lies in the order of 1 MHz [2.5]. 

 
2. Probing range [90 km up to 1000 km] 

Bottomside ionosondes are limited to the critical frequencies of the overhead ionospheric 

region, since higher frequency pulses would penetrate the ionosphere and no observational 

echoes would be delivered. 

 

3. Range resolution 

Typical spatial resolution of the ionospheric electron density structures is of the magnitude of 

several kilometers. Higher resolutions can be achieved by applying shorter pulses, which 

require higher receiver bandwidths and consequently higher receiver noise levels. 

 

4. Polarization separation (see [2.2] ) 

Already by the signal transmission, a polarization mode separation can be employed to send 

an ordinary (O) or extraordinary wave (X), based on special antenna arrangements and 

additional electronic circuitry [see 2.5]. Alternatively, a combined O-X signal transmission 

can be used, whereby the polarization mode separation is achieved in the echo receiving 

phase by perpendicularly oriented receiving antennas. The X-O distinction is then based on 

the fact that the X-mode is reflected at a frequency 𝑓𝑓𝑋𝑋 = 𝑓𝑓𝑂𝑂 + 1
2
𝑓𝑓𝑔𝑔  where 𝑓𝑓𝑔𝑔  is the electron 

gyrofrequency. 

 

5. Transmission power 

Older ionosonde models employed peak transmission powers of the order of 10 kW [see 2.2] 

to achieve acceptable signal-to-noise (S/N) levels. In contrary, newer models send at 

transmission powers of few hundred Watt (Ionosonde Juliusruh [2.6]), achieving even better 

S/N ratios by employing special techniques of signal coding and processing algorithms. 

 

Beside the typical electron height profile confined in the ionograms, other measurements are 

possible in the new ionosondes including ionospheric velocities, which can be derived from 

Doppler shifts included in a series of measurements, and the ionospheric absorption especially 
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at weak ionospheric absorption conditions. A modern trend in the fabrication of ionosondes is 

the usage of “Software Radio” structure to target building high quality HF receivers. Beside 

the elimination of the “image problem” 6, software radios require a small signal amplification 

and can easily digitize the received signal, facilitating the signal analysis afterwards. 

 

2.2.2 Riometer (relative ionospheric opacity meter) 
 

Riometer is an equipment measuring the ionospheric absorption based on the measurement of 

cosmic radio noise while propagating through the ionosphere. Basically, a riometer is based 

on a calibrated sensitive radio receiver functioning in a typical range of 30 to 50 MHz 

recording fluctuations in ionospheric cosmic waves absorption during instable ionospheric 

conditions. The receiver is connected to a transmission antenna, which sends upward beams. 

The receiver collects the natural radio noise from the sun, planets and stars along with its 

variation during a single sidereal day 7. The average daily variation over a multiple successive 

days is called the quiet day curve. The existence of ionospheric absorption phenomenon can 

be revealed by a comparison of the current sky noise level with the quiet day curve. 

 

2.2.3 Backscatter radar 

 

With an oblique backscatter radar, a high frequency pulse chain is emitted upward into the 

ionosphere and becomes scattered in all directions (therefore the name). Only a part of the 

backscattered energy propagates back in to the receiver (echoes) and provides an indicator of 

the ionospheric irregularities. Additionally this method is used to verify electron density 

profiles measured by ionosondes [2.7]. Beside the electron density, the electron and ion 

temperatures have been successfully measured whereas the ionic composition at ionospheric 

height still a challenging problem and is being currently attempted [2.8]. 

  

                                                 
6 Typical Superheterodyne receivers work with an intermediate frequency, which equals the radio frequency 

signal multiplied with a local oscillator signal; 𝑓𝑓𝑟𝑟𝑒𝑒𝑓𝑓 = 𝑓𝑓𝑙𝑙𝑐𝑐 ± 𝑓𝑓𝑖𝑖𝑓𝑓 . This means that the two signals would be 
received: one is real and the other is just an “image” signal, unless the intermediate frequency is selected in a 
way the image frequency lies outside the operation frequency bandwidth (typically 1-20 MHz). 

7 Under the primary assumption that the majority of the antenna incident RF power originates from the sky. 
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2.2.4 Incoherent scatter radar 

 

Based on the typical usage of a radar, the incoherent scatter radar targets the electron content 

of an ionospheric region with a radio wave and observes its echoes. Based on the energy 

content of the radio echoes, the electron density within the scattering volume can be 

calculated by facilitating the well-known scattering energy of an electron. The width of the 

registered echo-spectrum gives a measure of the temperature of the scattering volume and the 

spectrum shape indicates the ratio between ions and electrons temperatures. Additionally, due 

to the continuous motion of the ionospheric plasma, spectral shifts can be detected and used 

to derive the velocity of ions and electrons. Detailed explanations of the theory and 

implementation of incoherent scatter radar is addressed in [2.2]. 
 

2.3 Space-based ionospheric probing methods 

 

2.3.1 Satellite approach 

 

Satellites have been employed for ionospheric probing for decades, specifically targeting the 

total electron content (TEC) above or within the ionospheric region while orbiting the earth. 

Beside GPS, GLONASS, Transit and TOPEX/POSEIDON are example of satellite missions 

which have been used to probe the ionosphere, sometimes for the own measurement precision. 

Next only the GPS example for ionospheric probing will be shortly addressed. More 

information about the other systems can be found in [2.9] for GLONASS, [2.10] for 

TRANSIT and in [2.11] for TOPEX/POSEIDON. For detailed information about the 

generated TEC maps based on DORIS and PRARE see [2.12] and [2.13] respectively. 

 

2.3.1.1 Satellite approach example: GPS 

 

GPS satellites transmit 2 carrier signals in the L-Band frequencies, which are the L1 

(1575.42MHz) and L2 (1227.6 MHz). On these carrier signals, 2 pseudorandom codes (PRN) 

are modulated which are: the Coarse/Acquisition (C/A) code modulated on L1 and the Precise 

(P) code modulated on L1 and L2. Beside the PRN codes, a 50 bps navigation message is 

additionally modulated on both signal carriers. GPS receivers generate a local replica of both 

L1 and L2 carrier signals and generate the difference between them and the received satellite 

signals producing the beat frequency. 
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A point positioning (PP) is one position solution technique, which uses a single GPS receiver 

to acquire one, or both PRN codes from at least 4 satellites simultaneously. For the 3D 

position solution, 3 satellite signals are needed and the 4th is employed to correct for the 

receiver clock. Beside the satellite clock and position errors, the ionospheric/tropospheric 

effects are the major error sources for GPS-observables. To eliminate or at least compensate 

for the ionospheric errors, differential techniques as the linear combination have been used 

which are either based on the code or the carrier phase observations. 

 

The pseudo range equation applicable for the P and C/A codes is given by [2.14]: 

 

𝐶𝐶𝑟𝑟𝑐𝑐 = 𝑐𝑐(𝜕𝜕𝑟𝑟 − 𝜕𝜕𝑐𝑐) = 𝑐𝑐𝜏𝜏𝑟𝑟𝑐𝑐 = 𝜌𝜌𝑟𝑟𝑐𝑐 + 𝑐𝑐(𝛿𝛿𝜕𝜕𝑟𝑟 − 𝛿𝛿𝜕𝜕𝑐𝑐) + 𝐼𝐼 + 𝑇𝑇 + 𝜀𝜀𝑚𝑚𝑐𝑐 + 𝜀𝜀𝑟𝑟  Eq.(2.2) 

 

where 

𝐶𝐶𝑟𝑟𝑐𝑐:   the pseudo range between the satellite and the receiver. 

𝜏𝜏𝑟𝑟𝑐𝑐  :  the signal travelling time (difference between the satellite sending time 𝜕𝜕𝑐𝑐  

and the reception time 𝜕𝜕𝑟𝑟 ). 

𝜌𝜌𝑟𝑟𝑐𝑐:   the true range of line of sight. 

𝛿𝛿𝜕𝜕𝑐𝑐:  bias in the satellite clock. 

𝛿𝛿𝜕𝜕𝑟𝑟 :  bias in the receiver clock. 

𝐼𝐼:     the ionospheric error. 

𝑇𝑇:    the tropospheric error. 

𝜀𝜀𝑚𝑚𝑐𝑐 : pseudorange multipath error. 

𝜀𝜀𝑟𝑟 :   random error and noise. 

 

In the same terminology, the carrier phase measurement is given by  

 

𝑃𝑃𝑟𝑟𝑐𝑐 = 𝜌𝜌𝑟𝑟𝑐𝑐 + 𝑐𝑐(𝛿𝛿𝜕𝜕𝑟𝑟 − 𝛿𝛿𝜕𝜕𝑐𝑐) + 𝐼𝐼 + 𝑇𝑇 + 𝜆𝜆𝑁𝑁𝑟𝑟𝑐𝑐 + 𝜀𝜀𝑚𝑚𝑚𝑚 + 𝜀𝜀𝑟𝑟   Eq.(2.3) 

 

where 

𝑁𝑁𝑟𝑟𝑐𝑐:  integer ambiguity between sender and reciever. 

𝜀𝜀𝑚𝑚𝑚𝑚 : carrier phase multipath error. 
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The true line of sight range between the satellite and receiver is given by 

 

𝜌𝜌𝑟𝑟𝑐𝑐 = �(𝑋𝑋𝑐𝑐 − 𝑚𝑚𝑟𝑟)2 + (𝑌𝑌𝑐𝑐 − 𝑦𝑦𝑟𝑟)2 + (𝑍𝑍𝑐𝑐 − 𝑧𝑧𝑟𝑟)2  Eq.(2.4) 

 

where the capitalized indices denote the satellite coordinates and small indices refer to those 

of the receiver. Linearly combining the phase observation equation of both carrier frequencies, 

the ionospheric delay can be modelled [2.15] as the following 

 

𝐿𝐿𝐶𝐶𝑖𝑖𝑖𝑖 =
𝑓𝑓𝐿𝐿1

2 𝑃𝑃𝐿𝐿1−𝑓𝑓𝐿𝐿2
2 𝑃𝑃𝐿𝐿2

𝑓𝑓𝐿𝐿1
2 −𝑓𝑓𝐿𝐿2

2         Eq.(2.5) 

 

where 𝑓𝑓 denotes the respective carrier frequency. 

 

2.3.2 Faraday rotation technique 
 

The polarization plane of a linearly polarized electromagnetic wave is rotated when 

propagating through a magnetized medium. This principle is based on the different phase 

velocities of the characteristic waves (ordinary and extraordinary) and is directly related to 

TEC, the magnetic field strength and wave’s inversed squared frequency (1
𝑓𝑓2� ). Compared 

with the GPS phase-based measurements (up to the satellite altitude of about 20,000 km), 

Faraday rotation technique is limited to a height below 2000 km. Polarimeters on board of 

Geosynchronous Operational Environmental Satellites (GOES-1, GOES-2) are currently 

providing faraday rotation measurements. 
 

2.3.3 Topside sounders 
 

Based on the same construction principle like the ground sounders, topside sounders have 

been equipped to satellites to probe the ionosphere form above. This method presented an 

essential supplementary part of the global ionospheric map since almost 2/3 of the 

ionospheric TEC are related to the upper ionosphere that is unreachable (or at least with 

costly power). The Canadian sweep-frequency-topsounder on Alouette 1 and 2 between (1962 

-1972) and (1965-1975) respectively, greatly improved the topside TEC profile of the 

International Reference Ionosphere [2.16]. Additionally, ionospheric ionosonde and 
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Bremsstrahlung X-ray measurements have been conducted with balloons at height around 30 

km and with rockets at height 30 - 200 km. These in-situ measurements delivered atmospheric 

and measurement observations for short periods (several hours for balloon missions and up to 

several minutes by rockets). Besides ionosondes, other ionospheric sensing equipment were 

brought onboard such as: magnetometers, energetic particle detectors, auroral 

spectrophotometers and temperature detectors [2.17]. 

 

2.4 Ionospheric models (Assessment of its applicability for space weather predictions) 
 

2.4.1 Introduction 
 

Modelling the electron height profile has been the core of many ionospheric modelling efforts 

in the last decades. The main motivation behind the ionospheric modelling was the 

development of a practical ionospheric scheme, which can be used for near-earth space 

applications, for climate and weather predictions and for HF radio communications. 

 

The developed models revealed a different spatial and temporal applicability as well as 

different operational geophysical conditions, where various development approaches were 

employed which evolved continuously along with the improvements of ionospheric sensing 

techniques. Meanwhile some of the very first ionospheric models were totally based on 

mathematical calculations employing basic equations of plasma physics, modern modelling 

efforts tended toward assimilative approaches, in which ionospheric observations were 

integrated with theoretical calculations to enhance the ionospheric mapping mainly on global 

scale and for longer time-spans. But because of the strong magnetic and electrical coupling 

between the ionosphere and magnetosphere, it was of the same importance to model the solar-

driven dynamic variations in the magnetosphere and its potential influences on the ionosphere. 

For this initial aim, several space missions such as SOHO, WIND, POLAR and GEOTAIL 

conducted almost continuous solar observations providing a monitoring opportunity of the 

sun, its activity and the solar-triggered dynamic variations in the magnetosphere [2.18]. 

 

Additionally, a set of geostationary satellites combined with ground-based observatories 

added valuable information about magnetospheric and ionospheric variability. 
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Different models for predicting geomagnetic storms and substorms and their influences on the 

geomagnetosphere have been also drafted in the last few decades. These models can be 

roughly categorized into Physical Models and Data-derived Models. Whereas physical 

models, taking the global magnetohydrodynamic (MHD) simulations as an example, simulate 

and try to model the influences of solar wind on the magnetosphere-ionosphere system using 

solar wind and Interstellar Magnetic Field (IMF) parameters as input through solving a set of 

MHD equations [2.19], data-derived models often use prediction filters and neural network 

techniques to deduce geomagnetic indices based on previous index values, IMF data and solar 

wind measurements [2.20]. 

 

2.4.2 Ionospheric models classification 

 

In order to achieve a comprehensive image of the sun-earth interactions, ionospheric research 

and modelling efforts have been intensively carried out to better understand the ionospheric 

reaction to solar-triggered magnetospheric dynamic variations. Various ionospheric models 

have been developed in the last 50 years by a wide spectrum of national and international 

organizations namely on different levels, (1) global government levels (ITU) (2) non-

governmental regional level (COST Telecom) (3) scientific union and committee level (URSI) 

(4) national level (IEEE) [2.21].The conducted models can be generally categorized into three 

types: 

 

2.4.2.1 Theoretical-physical models 

 

Theoretical foundation 

 

These models are based on solving a fundamental set of plasma equations involving energy, 

momentum and continuity [2.22] to represent the behaviour of the ionosphere. This approach 

utilizes the modelling of the electron distribution in ionospheric regions according to the 

physical and chemical processes governing the electron generation and recombination 

processes. 

For example, the theoretical model of Titheridge [2.23] is based on calculating the electron 

density profile based on simplified equations of the "diffusive equilibrium" approach under 

the assumption that the dominant ionospheric ions are 𝑂𝑂+ and 𝐻𝐻+. The resulting scale height 
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is given by 

 

𝐻𝐻𝑖𝑖 = −
𝑘𝑘𝑇𝑇𝑖𝑖
𝑚𝑚𝑖𝑖𝑔𝑔

�1− 𝑚𝑚����𝑇𝑇𝑒𝑒
𝑚𝑚𝑖𝑖𝑇𝑇𝜕𝜕

�
−1

 Eq.(2.6) 

where 

𝑘𝑘 is the Boltzmann constant. 

𝑇𝑇𝑖𝑖  is the ion's temperature. 

𝑚𝑚𝑖𝑖  is the j'th ion mass. 

𝑔𝑔 is the gravitational acceleration. 

𝑇𝑇𝑒𝑒  is the electron's temperature. 

𝑇𝑇𝜕𝜕  is the total temperature = 𝑇𝑇𝑖𝑖  + 𝑇𝑇𝑒𝑒 . 

 

Example 

 

One of the most advanced theoretical models is developed at Utah State University called 

Time Dependent Ionospheric Model (TDIM) [2.24]. Originally, this model was developed for 

a multi-ion (𝑁𝑁𝑂𝑂+, 𝑂𝑂2
+, 𝑁𝑁2

+, and 𝑂𝑂+) mid-latitude region, which was soon extended to include 

high-latitude effects. E and F layer processes were included to count for diurnal variations 

when solving the time-dependent ion continuity, energy and momentum equations as a 

function of the altitude. 

Later enhancements included the rigorous calculation of electron temperatures at all altitudes. 

The major advantage of theoretical ionospheric models is its ability to consider and model the 

effects of magnetospheric activities such as magnetic storms and substorms on the ionosphere. 

However, due to the extensive computer resources required besides the needed input data - 

which could be not available sometimes-, the employment of theoretical models for 

ionospheric weather applications suffers a significant limitation [2.25]. A list of most 

advanced theoretical models is given in table (2.1). 
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Model Initiating/development institute 

Coupled Thermosphere-Ionosphere 
Model (CTIM)  

University College London 
and Sheffield University [2.26] 

Thermosphere-Ionosphere 
Global Circulation Model (TIGCM) 

National Center for Atmospheric 
Research - NCAR [2.27] 

Field Line Interhemispheric 
Plasma Model (FLIP) 

University of Alabama 
[2.28] 

Global Theoretical Ionospheric 
Model (GTIM) 

Phillips Laboratory 
[2.29] 

 

Table (2.1): Most advanced theoretical models. 

 
2.4.2.2 Parametric models 

 

Parametric models are simplified theoretical models, whereby the relevant parameters are 

solar-terrestrial indices and geographic location. With the parametric models, realistic 

representations of the ionospheric spatial and temporal structure can be achieved with a 

reduced number of numerical coefficients [2.30]. Two advanced examples of presently 

available parametric models are the SLIM-Low latitude model [2.31] and the FAIM-Low-and 

Mid-Latitude model [2.32]. Being based on simplifications of theoretical models, parametric 

models still inherit some limitation of usage including the extensive processing power needed 

besides the availability of observational data of the region under study. When the latter 

condition is fulfilled, these models can be adjusted in real-time to provide accurate 

instantaneous descriptions of the ionosphere. These descriptions were cooperated in 3D ray 

tracing programs for HF propagation purposes [2.33]. 

 

2.4.2.3 Empirical models 

 

The empirical models are based on the extraction of systematic ionospheric variations by 

employing past observations and have been widely used to describe the ionospheric behaviour. 

The major implementation scheme for empirical models is based on fitting mathematical 

function to ionospheric observations providing realistic representations of the ionosphere [see 

2.30]. For an ionospheric modelling on a global scale, spherical harmonics and magnetic 

field-related coordinates are used. Empirical models require a well observational coverage of 

the ionospheric regions to give long-term averaged ionospheric descriptions as they are 
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formulated in terms of monthly meridian parameters. Therefore no "instantaneous" 

ionospheric representations are possible herewith. Based on the location of the ionospheric 

probing facility, the empirical models can be categorized into: topside- and bottomside-

models. 

Typical mathematical functions used to reconstruct the electron density profile includes: 

 

• The Chapman function 

𝑁𝑁(ℎ) = 𝑁𝑁(ℎ𝑚𝑚 )(𝑒𝑒𝑐𝑐
�1−𝑧𝑧−𝑒𝑒−𝑧𝑧�) Eq.(2.7) 

 
where  

𝑧𝑧 = ℎ−ℎ𝑚𝑚
2𝐻𝐻  Eq.(2.8) 

• Sech-squared (Epstein) function 

𝑁𝑁(ℎ) = 𝑁𝑁(ℎ𝑚𝑚 )𝑐𝑐𝑒𝑒𝑐𝑐ℎ2 �ℎ−ℎ𝑚𝑚2𝐻𝐻 � Eq.(2.9) 

• Exponential function 

𝑁𝑁(ℎ) = 𝑁𝑁(ℎ𝑚𝑚 )𝑒𝑒𝑚𝑚𝑚𝑚 �−ℎ−ℎ𝑚𝑚𝐻𝐻 � Eq.(2.10) 

• Parabolic function 

𝑁𝑁(ℎ) = 𝑁𝑁(ℎ𝑚𝑚 ) �1 − �ℎ−ℎ𝑚𝑚2𝐻𝐻 �
2
� Eq.(2.11) 

In all of the above mentioned function 

ℎ𝑚𝑚  stands for the height of the electron peak density. 

𝐻𝐻 stands for the vertical scale height. 

 

Typically, the solar zenith-variations are represented by a Fourier-type combination of sine 

and cosine functions, the altitude profile by an exponential or double-exponential (Chapman), 
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Parabolic functions and Epstein functions. A list of the key empirical models developed and 

still, partially, used nowadays is shown in table (2.2). 

 

Model Employed Data Bottomside Topside 
Bradley and Dudeney [2.33] ionosonde √  

Dudeney [2.35] ionosonde  √  

ONCAP Model [2.36] ionosonde data √  

Bent ionospheric model [2.37] satellite, ionosonde √ √ 
International Reference 
Ionosphere-IRI [2.38] 

ionosonde, incoherent 
scatter, rocket, satellite 

√ √ 

 

Table (2.2): Key empirical models [2.34]. 

 

A comprehensive overview of the empirical models for electron density is given in [2.39].  

 

Finally, it should be mentioned that there exists a lot of differences between ionospheric 

models in terms of its adaptability, its temporal and spatial accuracies, its computational 

complexity and the required processing resources and finally the nature of the resulting 

ionospheric conditions, i.e. averaged conditions or real-time application friendly. So a trade-

off should be met between the sought accuracy and the available data based on the nature of 

the driving application. 

 

2.5 Guide to reference and standard ionosphere models 
 

A comprehensive list of ionospheric models for engineering design and scientific research can 

be found in [2.40], where a guidelines providing standard of the American National Standard 

describes the most well-known 46 ionospheric models, outlines its uncertainties and 

limitations, its technical basis, its formation databases, publication references and the sources 

of its computer codes. 

 

Although much of the ionospheric modelling efforts were concentrated on generating global 

ionospheric models (maps), many researcher were more concerned of modelling potential 

ionospheric regions due to its importance to specific space and telecommunication 

applications, like the lower ionospheric D-layer (Numerical Model of D-Region Ion 

Chemistry, by Turunen [2.41]) and the E-layer (AFRL Boltzmann-Fokker-Planck Model for 



 67 

the Daytime Lower Ionosphere, by Jasperse [2.42]). More specific models targeted key 

ionospheric parameters included ionospheric convection models, ionospheric electric current 

systems and cycle’s models, neutral wind models and particles and temperature models. 

Additionally, ionospheric scintillation models aimed estimating ionospheric delay ranges for 

HF and satellite navigation systems (like the CPI TEC Model by Daniel [2.43]). 

 

2.6 Comparison between different classes of ionospheric models [2.44] 
 

While theoretical models consider the electron production, loss and transport processes in the 

ionosphere to obtain electron density from the balance between these processes, the empirical 

models try to represent the characteristic variation patterns in the electron densities in long 

data records based on mathematical functions without being dependent on an evolving theory. 

 

In fact, most of the ionospheric models are considered as hybrid models containing empirical 

and theoretical modelling elements. An empirical model may employ theoretical values to fill 

data gaps, whereas theoretical models may use data-based mapping for specific parameters as 

inputs (for example to represent neutral densities or temperature). 

 

Empirical models can be easily adapted for specific problems as they are generally available 

as computer programs, whereas programmed theoretical models are normally based on much 

more complex codes and are, therefore, difficult to be adapted by non-developers. 

Consequently, empirical models are often favoured in operational settings whereas theoretical 

models are favoured for investigation purposes and to elucidate some processes and their 

ionospheric influences. 

 

The major disadvantage of empirical models is that they are biased toward times and locations 

that have good data coverage. This can be seen in the more reliable ionospheric picture in the 

northern hemisphere generated by empirical models. This is due to the better distribution of 

ground observation stations than in the southern hemisphere. 
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2.7 Data sources 
 

Data sources for ionospheric models are stretched over the different approaches of 

ionospheric probing discussed in sections (2.2) and (2.3). The worldwide network of 

ionosondes represents the major data source in this context. Since the fifties of the last 

centuries, the foF2, foF1, and foE plasma frequencies have been monitored on an hourly basis, 

where the data from top-sounders complemented the ground-based measurement data. 

 

For frequencies higher than the F2 peak critical frequency data acquired by incoherent-scatter 

radars were used. For the lowest part of the ionosphere 50 - 100 km (D layer) rocket 

measurements have been employed. Data from in-situ observations by beacon satellites is also 

a key data source for studying the global distribution of ionospheric parameters, especially in 

regions were the other traditional ionospheric probing techniques are not operational (in the 

ocean areas). The GPS satellite constellation (and its continuously growing ground receivers) 

became the major source of electron-content data. 

 
Parameter Variables Data source Model 
foE 𝜆𝜆, 𝛿𝛿,𝜒𝜒,𝐹𝐹10.7𝑚𝑚 55 ionosondes 

1944 - 1973 
Muggelton 
[1975] 

foF1 𝜙𝜙,𝜒𝜒,𝑅𝑅12 Ionosondes many stations Ducarme et al. 
[1971] [1973] 

foF2 𝜆𝜆,𝜃𝜃, 𝐿𝐿𝑇𝑇,𝑅𝑅12,𝐷𝐷𝑂𝑂𝑌𝑌 50 Ionosondes 
1957 - 1970 

Chiu [1973] 

Spread-F 𝜙𝜙,𝛼𝛼, 𝐿𝐿𝑇𝑇,𝑅𝑅12,𝐾𝐾𝑚𝑚 , 𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙 Satellite Scintillation (S4) Secan [1995] 

TEC 𝜙𝜙, 𝜆𝜆, 𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑅𝑅12 Differential Doppler Bradley [1999] 
TEC 𝜙𝜙, 𝐿𝐿𝑇𝑇, 𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙 Faraday measurements Gulyaeva [1999] 

 

Table (2.3): A list of selected ionospheric models, the modelled ionospheric parameters and 

their data sources [2.44]. 
 

Notation: 𝜒𝜒: solar zenith angle, 𝜆𝜆: geographic latitude, 𝛼𝛼: 𝛼𝛼-Chapman layer, LT: local time, 

𝑅𝑅12: 12/month running mean of monthly sunspot number, 𝐾𝐾𝑚𝑚 : three-hour magnetic index, 𝜙𝜙: 

geomagnetic latitude, DOY: day of year, 𝜃𝜃: geographic longitude, F10.7m: monthly solar 

radio flux at 10.6 cm wavelength.  
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 3 
 

Wave Propagation in the Ionosphere 
 

 

3.1 Introduction 

 

The ionosphere is a key mean for long-distance radio communications. It is daily employed 

by many commercial operators to enable signal transmissions over long distances. This 

transmission is based on the reflective and refractive properties of the ionosphere [3.1]. 

Electromagnetic waves propagating through the ionosphere - called skywaves - undergo 

different propagation characteristics while penetrating the ionosphere/atmosphere. The 

allowed ionospheric bandwidth greatly restricts the transmission frequency possibilities of 

digital data broadcasting. Large and small-scale perturbations in the ionosphere lead to a 

potential degradation in the signal quality and, consequently, in the system reliability. The 

prediction and the behaviour analysis of the ionospheric propagation channels is, therefore, a 

necessary action to ensure a reliable operation of these systems. 

 

3.2 Signal fading 

 

One of the most challenging ionospheric effects on radio wave propagation in the ionosphere 

is the sudden fluctuation in the signal amplitudes, sometimes even below the minimum 

detectable level, due to ionization variations in the propagation regions between the 

transmitter and receiver. Known as signal fading, this signal fluctuation can be categorized as 

a single-path fading and multipath fading according to the strength of the ionospheric 

disturbed conditions.  
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Single-path fading results from the focusing and defocusing of the wavefront caused by large-

scale ionospheric irregularities leading to alternatively spreading out and concentrating the 

signal power at the receiver side which directly affects the signal amplitude. 

 

When the line of sight between the transmitter and receiver is not available, the transmitted 

signal traverse over different propagation channels resulting in different propagation paths 

and consequently phases (phase fading), which is known as multipath-fading. The incoming 

different phased multipath signals interfere in the receiver constructively or destructively. 

When superimposed, the multipath signals reveals the time-varying characteristics of the 

causing ionospheric irregularities which is reflected on the signal amplitude fading. Faraday 

rotation is an additional example of signal fading which describes the change in the relative 

phase between the two primary characteristic waves, building a polarized wave, because 

every characteristic wave propagates with a different phase speed. Consequently a change in 

the plane of polarization is provoked which can lead to a polarization mismatch with 

receiving antennas when oriented to match the original polarization of the transmitted signals. 

 

3.3 Ionospheric effects on radio wave propagation 

 

3.3.1 Refraction 

 

When a radio wave travels through the different layers of the ionosphere, it faces different 

regions of electron and ion densities. This inhomogeneity results in bending the radio wave as 

the wave front moves faster than its tail. This sudden increase of the wave front causes it to 

bend back toward the wave part with the lowest speed i.e. toward earth. This instability forces 

signal attenuation and could potentially lead to the need of a signal re-transmission. 

 

According to [Hunsucker, 1991], the ionosphere shall be considered as “a partially ionized, 

spherically stratified plasma with a wide spectrum of nonuniformly spaced irregularities, 

upon which is imposed a nonuniform magnetic field - which is itself distorted by 

perturbations in the solar wind”. This consideration of the ionosphere requires a complex 

representation of the refractive phenomenon. 
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The ionospheric refraction degree and behaviour which a radio wave undergoes, driven by the 

ionospheric ionization degree, depends on 3 factors: 

 

The ionization density of the ionospheric layer: With an increasing ionization density, 

increasing front velocity causes a bending back of the wave. Meanwhile, entering a less dense 

region cause the wave front speed degradation. This causes the wave to bend away from earth. 

Additionally, the ionization homogeneity of the ionospheric propagation region plays an 

active role as the refraction occurs slowly in uniform ionization density regions. 

 

The radio wave frequency 

 

By a given ionization degree, the refraction degree is inversely proportional to the frequency 

of the propagating radio wave. Generally, the sharpness degree of the wave refraction 

increases as the wave frequency decreases. The refraction sharpness degree decides the 

distance from the sending point at which the signal returns to earth. The maximum wave 

frequency at which refraction takes place by a vertical incidence is called the critical 

frequency given by 

 

𝑓𝑓𝑐𝑐 = 1
2𝜋𝜋�

𝑒𝑒2𝑁𝑁𝑒𝑒
𝑚𝑚𝑒𝑒𝜖𝜖0

 Eq.(3.1) 

 

Radio waves transmitted at frequencies higher than the critical frequency pass through the 

ionosphere into the space. The maximum frequency of transmitted waves, which are refracted 

back to earth by a given radiation angles is called the maximum usable frequency (MUF). In 

contrary to the MUF, the LUF stands for the lowest usable frequency, above which radio 

waves are refracted by the ionosphere. 

 

The wave incident angle on the ionospheric layer 

 

By definition, the incident angle of a radio wave is the angle between the falling wave front 

on the ionosphere and the zenith direction measured from the transmission point. As long as 

the incident angle of the transmitted radio wave when hitting the ionospheric layer is smaller 

than a specific angle, it will be refracted and bent back towards the earth. The maximum 
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incidence angle below which transmitted waves would be refracted back to earth is called the 

critical angle. For every transmission frequency there is a critical angle, above which no 

ionospheric refraction would take place. 

 

Refraction index 

 

The ratio between the propagation speed of light in a specific medium𝑐𝑐𝑀𝑀to its propagation 

speed in vacuum 𝑐𝑐𝑐𝑐  is called the refraction index. Denoted as 𝑁𝑁, the refractive index is given 

by the following relationship: 

 

𝑁𝑁 = 𝑐𝑐𝑀𝑀/𝑐𝑐𝑐𝑐  Eq.(3.2) 

 

In other words, the refractive index expresses the capability of a specific medium to bend a 

ray of light obliquely incident on its surface. This means that when a wave travels between 

two different dense mediums, not only the propagation speed changes but also the 

propagation direction according to Snell’s Law: 

 

𝑁𝑁 =  𝑐𝑐𝑖𝑖𝑙𝑙(𝑖𝑖) / 𝑐𝑐𝑖𝑖𝑙𝑙(𝑟𝑟) Eq.(3.3) 

 

Where i is the incidence angle and 𝑟𝑟  is the reflection angle. According to Sir Edward 

Appleton, the magnetized plasma would split a plane polarized wave into 2 oppositely 

rotating circularly polarized waves, which was confirmed by Hartree [1931] but including a 

Lorenz polarization term to the complex refractive index, referred to as Appelton-Hartree 

magnetoionic theory [3.2]. The Appelton-Hartree magnetoionic theory pre-supposes that the 

propagation medium under study is electrically neutral (𝑙𝑙𝑒𝑒 = 𝑙𝑙𝑖𝑖 ), on which a constant 

magnetic field is applied and the effects of the positive ions can be neglected [3.3]. The 

complex refractive index8, 𝑁𝑁, is given by  

 

𝑙𝑙2 = 1 − 𝑋𝑋

(1−𝑖𝑖𝑍𝑍)−�
𝑌𝑌𝑇𝑇

2

2(1−𝑋𝑋−𝑖𝑖𝑍𝑍)�±�
𝑌𝑌𝑇𝑇

2

4(1−𝑋𝑋−𝑖𝑖𝑍𝑍)2+𝑌𝑌𝐿𝐿
2�

1
2�
 Eq.(3.4)  

                                                 
8 The detailed derivation of the formula can be found in [3.4] and [3.5]. 
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where 𝑙𝑙 contains a real (𝜇𝜇) and an imaginary (𝜒𝜒) refractive coefficients expressed as 

 

𝑙𝑙 = 𝜇𝜇 − 𝑖𝑖𝜒𝜒 Eq.(3.5) 
and 

𝑋𝑋 = 𝜔𝜔𝑁𝑁2

𝜔𝜔2  Eq.(3.6) 

𝑌𝑌 = 𝜔𝜔𝐻𝐻
𝜔𝜔  Eq.(3.7) 

𝑌𝑌𝐿𝐿 = 𝜔𝜔𝐿𝐿
𝜔𝜔  Eq.(3.8) 

𝑌𝑌𝑇𝑇 = 𝜔𝜔𝑇𝑇
𝜔𝜔  Eq.(3.9) 

𝑍𝑍 = 𝜔𝜔𝑐𝑐
𝜔𝜔  Eq.(3.10) 

where 

𝜔𝜔 is the angular frequency of the wave (radian/s) =  (f(Hz)/2π). 

𝜔𝜔𝑐𝑐  is the angular collision frequency between the electrons and ions (radian/s). 

𝜔𝜔𝑁𝑁 is the angular plasma frequency with 𝜔𝜔𝑁𝑁
2 = 𝑁𝑁𝑒𝑒2

𝜖𝜖𝑐𝑐𝑚𝑚
 , N is the electron density (1

𝑚𝑚2� ) 

and 𝜖𝜖𝑐𝑐  is the permitivity of space. 

𝜔𝜔𝐻𝐻  is the angular gyrofrequency and equals 𝜔𝜔𝐻𝐻 = 𝐵𝐵𝑐𝑐|𝑒𝑒|
𝑚𝑚  , 𝐵𝐵𝑐𝑐  is the magnetic field 

strength (𝑊𝑊𝑊𝑊/𝑚𝑚2). 

𝜔𝜔𝐿𝐿  is the longitudinal angular gyrofrequency and equals 𝜔𝜔𝐻𝐻 = 𝐵𝐵𝑐𝑐|𝑒𝑒|
𝑚𝑚 cos𝜃𝜃  , 𝜃𝜃  is the 

angle confined between the plan of the magnetic field and the propagation plane of 

the wave. 

 

Similarly, 𝜔𝜔𝑅𝑅 is the transverse angular gyrofrequency and equals 𝜔𝜔𝐻𝐻 = 𝐵𝐵𝑐𝑐|𝑒𝑒|
𝑚𝑚 sin𝜃𝜃. 

The resulting 2 waves from splitting the plane polarized wave are called the ordinary wave 

and extraordinary wave and given in Eq.(3.4) by the resulting plus and minus terms in the 

denominator, respectively. 

 

According to [3.6] and [3.7], Eq.(3.4) can be expressed as a series expansion as follows 

 

𝑙𝑙 ≅ 1 − 1
2
𝑋𝑋 ± 1

2
𝑋𝑋𝑌𝑌|𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃| − 1

8
𝑋𝑋2 − 1

4
𝑋𝑋𝑌𝑌2(1 + 𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃) Eq.(3.11) 
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A direct dependency between all terms to the frequency and the electron density is obvious, 

whereas the third and the fifth terms are a function of the geomagnetic field strength. 

Truncating the higher terms introduced in Eq.(3.11) would increase the error budget when 

determining the refractive index. A detailed overview of the weight of each term of Eq.(3.11) 

is given in [3.3]. 

 

3.3.2 Doppler shift 

 

Due to the movement of the satellites with respects to the receivers, Doppler shifts in the 

signal reception are considered as a primary observation error to be regarded and corrected. 

Although Doppler shift is mainly related to the geometry dynamics between satellite and 

receiver, TEC variations caused by spatial variations of the density structures along the 

transmission path effectively contribute to this effect. The signal phase as received on ground 

can be expressed as 

 
𝑑𝑑𝑐𝑐
𝑑𝑑𝜕𝜕

= 𝑓𝑓 −
𝑓𝑓
𝑐𝑐
𝑑𝑑𝑅𝑅
𝑑𝑑𝜕𝜕

+ 𝑊𝑊
𝑓𝑓
𝑑𝑑𝑁𝑁𝑇𝑇
𝑑𝑑𝜕𝜕

  [Hz] Eq.(3.12) 

 

where 𝑅𝑅 = ∫𝑑𝑑𝑐𝑐 is the satellite-to-receiver distance. 

 

The conventional Doppler shift due to satellite motion is expressed in the second term in 

equation (3.11), whereas Doppler shift due to TEC changes along the propagation path is 

embedded in the third term. 

 

3.3.3 Faraday rotation 

 

Different waves pass through the magnetized ionosphere at different phase velocities (𝑣𝑣𝑚𝑚 =
𝑐𝑐 𝜇𝜇� ) depending on their polarization. On the ground, signals with left and right polarization 

can be combined to form a rotation plane. The rotation plane is tilted by a quantity, which is 

equal to the phase velocity difference ∆𝑐𝑐 between both waves. The rotation in the plane of 

polarization is known as Faraday rotation and mainly results from the interaction between the 

electromagnetic waves and the ionospheric electron and the magnetic field. According to [3.5] 

the rotation angle is mainly proportional to the square of the signal wavelength, to the total 

electron content in the line of propagation and to the strength of the geomagnetic field.  
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3.3.4 Spread F 

 

An often seen phenomenon of ionospheric irregularities in the F layer is called the spread F. 

At ionospheric latitudes with no-uniform gradients of electron density, propagating 

electromagnetic waves undergo different perturbations like changes in the amplitude, 

absorption, reflection, time delay and phase change. The irregularities drive the ionogram to 

be spread, therefore the term [3.8]. The irregularities of the electron density may own a 

horizontal extent of several hundreds of kilometres [3.9] and are of severe effects on HF 

signals used for satellite-ground communications due to its long lifetime of electrons of 

several minutes [3.10]. The spread F perturbations are also a function of temporal and spatial 

variations such as the local time, longitude and latitude (minimum at mid-latitudes) and the 

solar activity in terms of flares and CMEs.  



 76 

4 
 

Plasma Physics 
 

 

4.1 Introduction [4.1] 

 

The term plasma was first used by the Nobel Prize holding American scientist Irving 

Langmuir in 1927 to describe an ionized gas. In his experiments, with his colleague Lewi 

Tonks, to investigate tungsten-filament light-bulbs targeting the extension of the filaments’ 

life time, he developed the theory of plasma sheaths. This theory describes the boundary 

regions, which develop between the plasma and solid surfaces. He also discovered different 

regions of the plasma discharge tube with periodic variations of the electron density called 

nowadays Langmuir waves. With his first experiments of plasma chemistry and physics, 

Langmuir formed the basic foundations for further plasma research in different branches. 

Most significant 5 directions of plasma research disciplines include: 

 

The field of electromagnetic wave propagation experienced a dramatic evolution with the 

discovery of the earth’s ionosphere. Ionospheric absorption and distortion of radio waves lead 

to deficiencies in radio communication, which had to be understood and corrected. Theories 

describing the behaviour electromagnetic waves passing through non-uniform magnetized 

plasma structures (as in the ionosphere) have been developed such as E.V. Appelton and K.G. 

Budden. 

 

The importance of plasma physics to understand and better explain astrophysical phenomena 

was also quickly recognized by astrophysicists as much of the universe matter consists of 

plasma. Hannes Alfv´en developed the theory of magnetohydrodynamic around 1994, in 

which plasma is treated as being a conducting fluid. His theory was widely employed to 
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investigate sunspots, solar flares, solar wind, star formation, magnetic connection and dynamo 

theory. 

 

Controlling the thermonuclear fusion used in the hydrogen bombs (1952 and the following 

years) by the United States, the Soviet Union and Great Britain, drove the development of 

theoretical plasma physics as a rigorous discipline. Fusion scientists were mainly concerned 

in understanding how to trap thermonuclear plasma using magnetic fields and the possible 

plasma instabilities which could allow the plasma to escape. 

 

The exploration of the near earth space and the magnetosphere was driven by the discovery of 

the radiation belts by James A. Van Allen in 1958. This discovery initiated the scientific field 

of space plasma physics. A great employment of previous developed plasma theories in the 

previously mentioned directions helped the space scientists to systematically investigate the 

structures and dynamics in this region of space. The plasma theories used for this sake 

included: plasma trapping by magnetic fields from the thermonuclear plasma fusion research, 

the theory of plasma waves from ionospheric research and the theories of magnetic 

reconnection, energy release and particle acceleration from the astrophysics plasma research.  

 

By the development of high power lasers in the 1960’s, the field of laser plasma physics was 

initiated. This field led to the development of the so-called inertial confinement fusion, in 

which laser beams are focused on solid targets until the densities and temperature 

characteristics of nuclear fusion are achieved. Another promising application of this research 

field is the shooting of high intense lasers pulses through plasma to accelerate particles, which 

is accompanied by a very strong electrical field. These particle acceleration techniques are 

planned to be used in the size and cost reduction of particle accelerators. 

 

In this chapter, an introduction of the basic plasma properties, classifications and parameters 

is presented. The used equations are based on [1.54]. 
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4.2 Plasma definition, classifications and properties 

 

4.2.1 Introduction 

 

As introduced by Langmuir, the term plasma was used to describe the charge-neutral part of a 

gas discharge phenomenon. The neutral-part of a discharge behaves like a substrate carrying 

some particles of specific kinds like electron, ions and molecules. When placing structured 

systems in hot environments exceeding their binding energies, they decompose e.g. molecules 

disassociation, and when the temperature exceeds the ionization energy threshold, positively 

and negatively charged ions result. The assemblage of such charged particles, which is 

mutually affected by the associated electromagnetic fields, reveals a collective complex 

motion called “plasma”. Although the most generally and dominating plasma forms results 

from gas ionization by passing electromagnetic energy in a gas (gas discharge) like direct 

current, radio frequency and microwaves, dense laser can be used to generate plasma from 

liquids or solids by applying high energy enough to vaporize and ionize them. When plasma 

assemblages result from the ionization of neutral gases, an almost equal number of positive 

and negative charge carriers result (number density ne = ni). This result in a “quasi-neutrality” 

view when the plasma is being considered in a macroscopic length scales. The term quasi is 

used to underline the existence of complete-neutrality deviations, which have important 

dynamic consequences when handling certain plasma modes. Under laboratory conditions, 

strongly non-neutral plasmas are created, where one type of charge carriers is created and 

maintained by very intense magnetic fields [4.2]. 

 

In contrary to gases, plasma particles show a collective behaviour as a response to external 

stimulus. This is translated in the collective response of many plasma particles to an external 

influence as in plasma mutual shielding. 

 

4.2.2 Plasma classifications 

 

Plasma states can be classified depending on different criteria: The degree of ionization 

differentiates between a fully ionized plasma (100% ionization) and partially ionized ones 

(even reaching to 10-4%- 10-6%) [4.3]. Laboratory plasmas are also classified into low and 

high-temperature plasma depending on the ionization degree; Thermal equilibrium 

differentiates between plasma, in which all plasma species (electron, ions and neutrals) 
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exhibit the same temperature (true for stars and requires high temperatures ranging between 

4,000 K to 20,000 K) and those in non-thermal equilibrium. Often a microscopic view of 

plasma structures enables the usage of the term “local thermodynamic equilibrium” LTE, 

which states that all plasma particles own the same temperature in localized plasma regions of 

the order of the so-called “mean free path length” which will be discussed later. 

 

4.2.3 Plasma parameters 
 

Basically three fundamental parameters characterize a plasma, of which other subsidiary 

parameters can be derived, which will be shortly addressed in the following. These 

fundamental parameters include: 

 

• Species density ns measured in particles/m-3 (differentiating between the neutrals 

density and the ions densities ne and ni). 

• Species temperature Ts measured in eV. (1 eV = 11,605 K). 

• The energy distributions of plasma species ( 𝑓𝑓𝑙𝑙(𝑊𝑊), 𝑓𝑓𝑖𝑖(𝑊𝑊) and 𝑓𝑓𝑒𝑒(𝑊𝑊)). 

• The steady state magnetic fields B measured in Tesla. 

 

In the following an overview of the most used plasma parameters are addressed characterizing 

the plasma composition and its species physical properties. 

 

4.2.3.1 Plasma temperature 
 

Considering a plasma as being composed of two major species: electrons and heavy species 

(ions and neutrals), it can be thermally approximated into 2 systems. The first one contains 

the electrons which gain its energy through the electric field and lose parts of it to the second 

system by elastic and inelastic collisions. The second system of heavy species loses its gained 

energy to the surrounding by radiation or heat transfer. 

 

In the absence of magnetic fields the overall plasma can be characterized by the temperature 

of its two subsystems; the electron temperature 𝑇𝑇𝑒𝑒  and the ion temperature 𝑇𝑇𝑖𝑖 . In the other 

scenario, where a magnetic field exerts additional forces on the plasma system, it is necessary 

to differentiate between ions translation parallel to the magnetic field and those perpendicular 

to it, i.e. 𝑇𝑇𝑖𝑖 ∥ and 𝑇𝑇𝑖𝑖 ⊥, since the movement geometry relationship between the magnetic field 
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and the species causes different exerted forces [4.4]. The ion temperature is normally far 

smaller than electron temperature and is not effectively able to promote chemical reactions in 

the thermal equilibrium. Therefore only 𝑇𝑇𝑒𝑒  is mainly considered in this context. 

 

In order to achieve the local thermodynamic equilibrium in an ionized gas the following 

condition must hold: 

 

𝑇𝑇𝑔𝑔 =  𝑇𝑇𝑒𝑒𝑚𝑚 = 𝑇𝑇𝑖𝑖 = 𝑇𝑇𝑑𝑑 = 𝑇𝑇𝑟𝑟 = 𝑇𝑇𝑒𝑒  Eq.(4.1) 

 

where 

𝑇𝑇𝑔𝑔  is the gas temperature 

𝑇𝑇𝑒𝑒𝑚𝑚 is the gas exitation temperature 

𝑇𝑇𝑖𝑖   is the ionization temperature 

𝑇𝑇𝑑𝑑  is the dissociation temperature  

𝑇𝑇𝑟𝑟  is the radiation temperature 

𝑇𝑇𝑒𝑒  is the electron temperature  

 

 

4.2.3.2 Electron temperature 
 

Assuming an isotropic velocity distribution of electrons 𝑓𝑓(𝑣𝑣𝑒𝑒) in the plasma and neglecting 

the effects of the electric fields, the electron velocity distribution can be considered to be 

Maxwellian. This assumption requires that the electron temperature equals the gas 

temperature, 𝑇𝑇𝑒𝑒= 𝑇𝑇𝑔𝑔 .  

 

A Maxwellian velocity distribution is expressed as follows [4.5] 

 

𝑓𝑓(𝑣𝑣𝑒𝑒) =  𝑙𝑙𝑒𝑒 �
𝑚𝑚𝑒𝑒

2𝜋𝜋𝑘𝑘𝑇𝑇𝑒𝑒�
3

2� exp �−  𝑚𝑚𝑒𝑒𝑣𝑣2

2𝑘𝑘𝑇𝑇𝑒𝑒� Eq.(4.2) 
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The relationship between electron velocity 𝑓𝑓(𝑣𝑣𝑒𝑒) and energy 𝑓𝑓(𝑊𝑊𝑒𝑒) distributions is given by 

[4.6] 

 

𝑓𝑓(𝑊𝑊𝑒𝑒) = 4𝜋𝜋 𝑚𝑚𝑒𝑒� 𝑣𝑣 𝑓𝑓(𝑣𝑣𝑒𝑒) Eq.(4.3) 

 

The Maxwellian energy distribution function in terms of the average electron energy 𝑊𝑊𝑒𝑒𝑚𝑚𝑣𝑣𝑔𝑔  is 

therefore 

𝑓𝑓(𝑊𝑊𝑒𝑒) =  �2.07 𝑊𝑊𝑒𝑒𝑚𝑚𝑣𝑣𝑔𝑔�
−3

2�   𝑊𝑊1
2�  exp�−1.5 𝑊𝑊

𝑊𝑊𝑒𝑒𝑚𝑚𝑣𝑣𝑔𝑔
� Eq.(4.4) 

 

Finally the electron average energy is related to its temperature by  

 

𝑊𝑊𝑒𝑒𝑚𝑚𝑣𝑣𝑔𝑔 =  3
 2 𝑘𝑘𝑇𝑇𝑒𝑒  Eq.(4.5) 

 

4.2.3.3 Thermal speed 

 

The kinetic temperature of a plasma particle in electron-volt (1 joule is equivalent to 6.24 × 

1018 eV) is given by 

 

𝑇𝑇𝑘𝑘 = 1
3� 𝑚𝑚𝑐𝑐[𝑣𝑣𝑐𝑐2] Eq.(4.6) 

 

where 𝑚𝑚𝑐𝑐 is the mass of a plasma particle, [𝑣𝑣𝑐𝑐2] is the averaged squared kinetic speed of the 

particle. Assuming the quasi-neutrality where ne = ni  and a thermal-equilibrium states (Te 

=Ti), the typical plasma particle speed can be expressed in terms of “thermal speed” as the 

following 

𝑣𝑣𝜕𝜕𝑐𝑐 = �2𝑇𝑇 𝑚𝑚𝑐𝑐�  Eq.(4.7) 

 

It is obvious that due to the big mass ration between ions and electrons the ion thermal speed 

is far smaller than the electron thermal speed, 

 

𝑣𝑣𝜕𝜕𝑖𝑖  ~ �𝑚𝑚𝑒𝑒 𝑚𝑚𝑖𝑖� 𝑣𝑣𝜕𝜕𝑒𝑒  Eq.(4.8)  
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Keeping in mind, that the species-specific number density 𝑙𝑙 and the temperature are position 

dependent in the plasma. 

 

4.2.3.4 Plasma frequency 

 

As a response to a small charge separation, the electrostatic oscillation frequency of a plasma 

species is given by 

 

𝜔𝜔𝑚𝑚 = 𝑙𝑙𝑒𝑒2

𝜖𝜖0𝑚𝑚
 Eq.(4.9) 

 

Known as plasma frequency, this characterizing quantity is considered to be one of the most 

important and fundamental time-scale in plasma physics (often referred to the electron plasma 

frequency). The plasma period given by 

 

𝜏𝜏𝑃𝑃 ≜  1 𝜔𝜔𝑚𝑚�  Eq.(4.10) 

 

sets the measure for the smallest time period, than which a plasma study period should be 

bigger to be able to observe plasma oscillations, because otherwise plasma particles will exist 

the system without completing a full plasma oscillation.  

 

The spatially translated plasma period is called Debye length and is given by 

 

𝜆𝜆𝐷𝐷 =  �
𝜀𝜀0𝑘𝑘𝑇𝑇

𝑙𝑙𝑒𝑒𝑒𝑒2�  Eq.(4.11) 

 

where 𝜀𝜀0 is the permitivity of free space, 𝑒𝑒 is the electron charge, 𝑙𝑙𝑒𝑒  is the electron density 

and 𝑘𝑘 is the Boltzmann constant. This characterizing quantity is mass-independent and can be 

used to compare different plasma species. Based on the previously addressed parameters, 2 

conventional requirements for diagnostic plasma structure investigations and even for plasma 

existence are: 

 

𝜆𝜆𝐷𝐷
𝐿𝐿

≪ 1  Eq.(4.12) 



 83 

and  
𝜏𝜏𝑚𝑚
𝜏𝜏
≪ 1 Eq.(4.13) 

 

Where L is the observation length-scale and 𝜏𝜏  is the observation time-scale, stating that 

plasma behviour can be observed only under time-scales bigger than the plasma period and at 

length-scales bigger than Debye length. 

 

4.2.3.5 Debye length, sphere and shielding 

 

Due to the high plasma conductivity, freely flowing plasma currents short out all interior 

electric fields and prevent external fields from penetrating the plasma at length-scales of the 

Debye length. This self-initiated response of reducing local electrical fields gives the plasma 

its characterizing “quasi-neutrality” and is called Debye shielding. 

 

The potential decay around a point charge placed inside a plasma can be expressed as 

 

𝑉𝑉(𝑑𝑑) = 𝑞𝑞
4𝜋𝜋𝜀𝜀𝑐𝑐𝑑𝑑  𝑒𝑒𝑚𝑚𝑚𝑚(− 𝑑𝑑

𝜆𝜆𝐷𝐷
) Eq.(4.14) 

where  

𝑞𝑞 is a point charge 

𝑑𝑑 is the distance from the charge 

𝜀𝜀0 is the permitivity of free space 

 

From Eq.(4.14), the Debye shielding effect can be seen as a decay in the free space potential 

� 𝑞𝑞
4𝜋𝜋𝜀𝜀𝑐𝑐𝑑𝑑�, with a decay length equals to the Debye length, caused by the plasma and appears 

as a potential attenuation. As stated in Eq.(4.11), the Debye length is inversely proportional to 

the electron density and it is considered being the characteristic dimension of plasma regions 

at which a breakdown of neutrality (local charge concentrations) may occur. The geometrical 

extension of Debye shielding is called Debye sphere with a radius of Debye length. Another 

important plasma parameter related to the Debye length is the particle population in a Debye 

sphere 𝑁𝑁𝑑𝑑 .  
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𝑁𝑁𝑑𝑑  is given by 

𝑁𝑁𝑑𝑑 = 4
3𝑙𝑙𝑒𝑒𝜆𝜆𝑒𝑒

3 =  1.718×109 𝑇𝑇𝑒𝑒
3
2(𝑒𝑒𝑉𝑉)

�𝑙𝑙𝑒𝑒   Eq.(4.15) 

 

4.2.3.6 Plasma parameter 

 

The number of plasma particles enclosed in a Debye sphere, previously presented as 𝑁𝑁𝑑𝑑 , can 

be also written by 

 

Λ = 4𝜋𝜋𝑙𝑙𝑒𝑒𝜆𝜆𝑑𝑑3  Eq.(4.16) 

 

By defining the following relations: 

 

The average distance between particles   𝑟𝑟𝑑𝑑 ≜  𝑙𝑙−1
3�  

The distance of the closest approach       𝑟𝑟𝑐𝑐 ≜  𝑒𝑒2

4𝜋𝜋𝜀𝜀𝑐𝑐𝑇𝑇 

 

The plasma parameter can be rewritten in 

 

Λ =
𝜆𝜆𝑑𝑑
𝑟𝑟𝑐𝑐 = 1

�4𝜋𝜋
�
𝑟𝑟𝑑𝑑
𝑟𝑟𝑐𝑐�

3
2�

= 4𝜋𝜋𝜀𝜀𝑐𝑐3
2�

𝑒𝑒3
𝑇𝑇

3
2�

𝑙𝑙1
2�
 Eq.(4.17) 

 

Based on Eq.(4.11) a further plasma classification can be derived based on the population 

density within a Debye sphere. As Λ≪1, the Debye sphere is sparsely populated and one 

speaks of a strongly coupled plasma, whereas Λ≫1, the sphere is densely populated and the 

plasma is considered to be weakly coupled. An overview of typical values of basic plasma 

parameters for different plasma types is given in table (4.1) [4.6]. 
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N(m-3) 𝑇𝑇𝑒𝑒(eV) 𝜆𝜆𝐷𝐷(m) Λ 𝐿𝐿(m)9 l (m)10 Plasma Type 
106 1 7.4 4× 108 107 1.0× 1010 Interstellar gas11 
1012 102 7.4× 10-2 4× 108 106 1.0× 108 Solar corona 
1018 102 7.4× 10-5 4× 105 1 1.5× 102 

Hot plasma 
1019 103 7.4× 10-5 4× 106 1 1.3× 103 
1020 104 7.4× 10-5 4× 107 1 1.2× 104 Thermonuclear Plasma 
1026 104 7.4× 10-8 4× 104 10-3 3.4× 10-2 Laser Plasma 

 

Table (4.1): Density, temperature, Debye length, plasma parameter, mean-free-path and 

typical size of selected plasma types. 

 

4.2.3.7 Gyration, gyrofrequency (in magnetized plasma) 

 

A strong enough ambient magnetic field B can affect the trajectories of charged plasma 

species according to the Lorenz law 

 

𝐹𝐹 = 𝑞𝑞𝑣𝑣 × 𝐵𝐵 Eq.(4.18) 

 

This altered trajectory has 2 components: one in the direction of B and another helical 

perpendicular to B with the so-called gyrocyles (Lamor orbits). 

 

The gyration frequency is given by 

 

𝜔𝜔𝑔𝑔 = 𝑞𝑞𝐵𝐵/𝑚𝑚 Eq.(4.19) 

 

and the associated gyroradius is 

 

𝑟𝑟𝑔𝑔 = [𝑣𝑣]/𝑤𝑤𝑔𝑔  Eq.(4.20) 

 

where [v] stands for the average velocity of charged particles. 𝑟𝑟𝑔𝑔  is species specific where the 

following relation between the electron gyroradius and the ion’s holds 

 

                                                 
9  Characterizing system length. 
10 Electron mean-free-path length. 
11 System size is chosen to be the orbit radius of a typical space probe around the earth. 
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𝜔𝜔𝑔𝑔(𝑒𝑒) ∼ �𝑚𝑚𝑒𝑒
𝑚𝑚𝑖𝑖
�

1
2�
𝜔𝜔𝑔𝑔(𝑖𝑖) Eq.(4.21) 

 

Accordingly, a measure of the ability of the ambient magnetic field to affect the trajectories of 

charged particles in a plasma known as magnetization parameter 𝛿𝛿 is given by 

 

𝛿𝛿 = 𝜔𝜔𝑔𝑔/𝐿𝐿 Eq.(4.22) 

 

where 𝐿𝐿is the characteristic length of the plasma system.  
 

4.2.4 Plasma collision 
 

Considering the collective plasma behaviour, the binary collision rate experienced by a 

plasma species s through another species denoted as s’ is termed collision frequency. The 

Total collision frequency 𝑓𝑓𝑐𝑐(𝑐𝑐) represents the collision frequencies between a specific plasma 

species with all other species as 

 

𝑓𝑓𝑐𝑐(𝑐𝑐) = ∑ 𝑓𝑓𝑐𝑐(𝑐𝑐𝑐𝑐′ )𝑐𝑐′  Eq.(4.23) 
 

Only collision scattering events deflecting the incident particle by an angle 𝜋𝜋 2⁄ contribute to 

the collective plasma frequency, which is consequently the inverse of time needed by these 

scattering collisions. The distance travelled by a plasma particle between 2 scattering 

collisions is known as the mean-free-path. Plasma frequency related to the plasma parameter 

Λ is given by 

 

𝑓𝑓𝑐𝑐 ∽
lnΛ
Λ 𝜔𝜔𝑚𝑚  Eq.(4.24) 

 

From Eq.(4.24), weakly-coupled plasma is characterized by 𝑓𝑓𝑐𝑐 ≪  𝑤𝑤𝑚𝑚  stating that particle 

collisions do not interfere with plasma oscillations. Meanwhile, in strongly-coupled plasmas 

𝑓𝑓𝑐𝑐 ≫ 𝑤𝑤𝑚𝑚  collisions effectively suppress plasma oscillations. Consequently, strongly-coupled 

plasmas do not exhibit the conventional plasma dynamics. 
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4.2.4.1 Collisions in a partially-ionized plasma 
 

Hereby, the dominating collisions can be considered to be a head-on, since colliding charges 

do not undergo any Coulomb-field deflections during a collision event. Neutrals are therefore 

considered to be heavy collision obstacles affecting the paths of moving charges. The neutral 

collision frequency between charges and neutral plasma atoms or molecules is, proportional 

to the density of neutral particles in a column of the molecular cross-section (𝑙𝑙𝑙𝑙𝜎𝜎𝑙𝑙 ), given by 

 

𝑓𝑓𝑐𝑐𝑙𝑙 = 𝑙𝑙𝑙𝑙𝜎𝜎𝑙𝑙[𝑣𝑣] Eq.(4.25) 
where 

𝑙𝑙𝑙𝑙  is the neutrals density. 

𝜎𝜎𝑙𝑙  is the molecular cross-section given by 

 

𝜎𝜎𝑙𝑙 = 𝜋𝜋𝑑𝑑𝑐𝑐2 Eq.(4.26) 
 

[𝑣𝑣] is the average velocity of the charged particles employed due to the high unpredictability 

of collisions. The mean-free-path in this type of plasma collisions is given by 

 

𝜆𝜆𝑙𝑙 =
[𝑣𝑣]
𝑣𝑣𝑙𝑙

= (𝑙𝑙𝑙𝑙𝜎𝜎𝑙𝑙)−1 Eq.(4.27) 

 
This collision mode is of great importance in the ionosphere, because of their effective 

contribution to the particle recombination, ionospheric current flows and charged particles 

deflections along the geomagnetic field lines with its accompanying field-aligned current 

evolution. 
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4.2.4.2 Collisions in a fully-ionized plasma 
 

4.2.4.2.1 Introduction 
 

According to the law of energy conservation, a part of the collision scenarios between the gas 

particles, energy and momentum must be conserved, i.e. no energy loss takes place. Kinetic 

energy transformation, when particles collide, determines the type of collision. When no 

kinetic energy is lost by a binary collision (collision between a pair of gas particles), charges 

experience an elastic collision. By an elastic collision, only the momentum is being 

redistributed so that energy is transferred from one particle to another resulting a velocity 

change of both colliding particles but maintains the overall initial kinetic energy constant. In 

contrary, if a part of the kinetic energy is transformed to another form (for example to a 

thermal energy), then it is called an inelastic collision. When an electron collides with a 

neutral gas atom, the kinetic energy of the both particles becomes redistributed with a small 

part of it being transferred to internal energy12. In this case, the partially transformed energy 

excites the atom causing an exciting state (ion). A third collision type exists also, where 

momentum is conserved but the internal energy of the colliding particles is being partially 

transferred to kinetic energy. 

 

4.2.4.2.2 Collision physics 

 

The inter-particle interaction in a fully-ionized plasma is driven by the Coulomb fields of the 

charged particles. The cross-section of the colliding ions and electrons is consequently 

enhanced but presents more deflection compared with the partially ionized plasmas. 

Nevertheless, Eq.(4.25) still applies in this collision type with modified definition of the 

collision cross-section. Called Coulomb collision frequency, the collision frequency between 

electrons and ions is given by 

 

𝑓𝑓𝑐𝑐(𝑖𝑖𝑒𝑒) = 𝑙𝑙𝑒𝑒𝜎𝜎𝑐𝑐[𝑣𝑣𝑒𝑒] Eq.(4.28) 

 

Due to the big ratio 𝑚𝑚𝑖𝑖 𝑚𝑚𝑒𝑒� , ions are considered to be at rest when colliding with an electron. 

The high energy and momentum of a colliding electron, leads it to become deflected by the 

                                                 
12 Momentum remains conserved. 
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ion’s coulomb field but do not get trapped. The electron’s orbit can be approximate to a 

hyperbola at far distances from the ion and to a circle of radius 𝑑𝑑𝑐𝑐  (known as the collision 

parameter or compact parameter) in the near of it. 

 

Under the following approximations, a simplified calculation of the ion-electron collision 

frequency can be carried out as follows: 

 

The Coulomb force exerted from an ion on an electron is given by 

 

𝐹𝐹𝑐𝑐 = −𝑒𝑒2

4𝜋𝜋𝜀𝜀𝑐𝑐𝑑𝑑𝑐𝑐
2 Eq.(4.29) 

 

𝐹𝐹𝑐𝑐  is effectively influencing the electron over a timeslot 𝜏𝜏 given by 

 

𝜏𝜏 ≈ 𝑑𝑑𝑐𝑐
𝑣𝑣𝑒𝑒

 Eq.(4.30) 

 

The change in the electrons momentum |△ (𝑚𝑚𝑒𝑒𝑣𝑣𝑒𝑒)| during its passage by the ion over time 𝜏𝜏 

is given by 

 

|△ (𝑚𝑚𝑒𝑒𝑣𝑣𝑒𝑒)| = 𝜏𝜏|𝐹𝐹𝑐𝑐| ≈  𝑒𝑒2

4𝜀𝜀𝑐𝑐𝑣𝑣𝑒𝑒𝑑𝑑𝑒𝑒 Eq.(4.31) 

 

For large deflection angles, the change in the electron momentum can be considered to be 

equal to the momentum |△ (𝑚𝑚𝑒𝑒𝑣𝑣𝑒𝑒)| ≈ (𝑚𝑚𝑒𝑒𝑣𝑣𝑒𝑒), resulting the following expression for 𝑑𝑑𝑐𝑐  for a 

given velocity 

 

𝑑𝑑𝑐𝑐 = −𝑒𝑒2

4𝜋𝜋𝜀𝜀𝑐𝑐𝑚𝑚𝑒𝑒𝑣𝑣𝑒𝑒2
 Eq.(4.32) 

 

Accordingly, the cross-section 𝜎𝜎𝑐𝑐  is given by 

 

𝜎𝜎𝑐𝑐 = 𝜋𝜋𝑑𝑑𝑐𝑐2 ≈
𝑒𝑒4

16𝜋𝜋 𝜀𝜀𝑐𝑐2𝑚𝑚𝑒𝑒2[𝑣𝑣𝑒𝑒]4
 Eq.(4.33)  
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Hereby, the average electron velocity has been used to handle the average movement of an 

electron bulk. 

 

Finally the ion-electron collision frequency can be calculated based on Eq.(4.17): 

 

𝑓𝑓𝑐𝑐(𝑖𝑖𝑒𝑒) = 𝑙𝑙𝑒𝑒𝜎𝜎𝑐𝑐[𝑣𝑣𝑒𝑒] ≈ 𝑙𝑙𝑒𝑒𝑒𝑒4

16𝜋𝜋𝜀𝜀0
2𝑚𝑚𝑒𝑒2[𝑣𝑣𝑒𝑒]3 Eq.(4.34) 

 

A proportional relationship between the collision frequency and the electron density is 

obvious in Eq.(4.34) as well as an inverse proportionality with the electron velocity, in other 

words with electron temperature. 

 

4.3 Plasma conductivity  

 

4.3.1 Conductivity in unmagnetized plasma 

 

Plasma resistivity in an unmagnetized plasma is given by 

 

𝐸𝐸 =
𝑚𝑚𝑒𝑒 𝑓𝑓𝑐𝑐
𝑙𝑙𝑒𝑒𝑒𝑒2  Eq.(4.35) 

 

where  𝑓𝑓𝑐𝑐  stands for the Coulomb collision frequency. Eq.(4.35) can be used for both 

partially- and full-ionized plasma under the utilization of different collision frequencies. 

 

4.3.2 Conductivity in magnetized plasma 

 

Due to Lorenz force, applying a magnetic field would drive a plasma to move along the 

magnetic field lines generating an electric field given by 

 

𝑖𝑖 = 𝜎𝜎𝑐𝑐(𝐸𝐸 + 𝑣𝑣𝑒𝑒 × 𝐵𝐵) Eq.(4.36) 
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Plasma conductivity 𝜎𝜎𝑐𝑐  (1/resistivity) is given by 

 

𝜎𝜎𝑐𝑐 = 𝑙𝑙𝑒𝑒𝑒𝑒2

𝑚𝑚𝑒𝑒𝑓𝑓𝑐𝑐
 Eq.(4.37) 

 

4.3.3 Conductivity in the lower ionosphere 

 

In the lower ionosphere a finite anisotropy exists as a result of the often collisions between 

ionized and neutral species. Using Eq.(4.36) and expressing the electron velocity in terms of 

currents using  

 

𝑖𝑖 = −𝑒𝑒𝑙𝑙𝑒𝑒𝑣𝑣𝑒𝑒  Eq.(4.38) 
 

Under the assumption that the collision partners are at rest, the plasma current generated by 

moving electrons is given by 

 

𝑖𝑖 = 𝜎𝜎𝑐𝑐𝐸𝐸 −
𝜎𝜎𝑐𝑐
𝑙𝑙𝑒𝑒𝑒𝑒  𝑖𝑖 × 𝐵𝐵 Eq.(4.39) 

 

Assuming that the magnetic field is aligned with the z axis, using Eq.(4.19), remarking that 

𝑤𝑤𝑔𝑔  holds the sign of the moving charge, the current components yield 

 

𝑖𝑖𝑚𝑚 = 𝜎𝜎𝑐𝑐𝐸𝐸𝑚𝑚 + 𝜔𝜔𝑔𝑔𝑒𝑒
𝑓𝑓𝑐𝑐
𝑖𝑖𝑦𝑦   

𝑖𝑖𝑦𝑦 = 𝜎𝜎𝑐𝑐𝐸𝐸𝑦𝑦 −
𝜔𝜔𝑔𝑔𝑒𝑒
𝑓𝑓𝑐𝑐

𝑖𝑖𝑚𝑚  Eq.(4.40) 

𝑖𝑖𝑧𝑧 = 𝜎𝜎𝑐𝑐𝐸𝐸𝑧𝑧  

 

Eliminating 𝑖𝑖𝑦𝑦  from the first equation and 𝑖𝑖𝑚𝑚  from the second, by substituting 𝑖𝑖𝑦𝑦  in the first 

equation, the following equation system yields 
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𝑖𝑖𝑚𝑚 = 𝑓𝑓𝑐𝑐2

𝑓𝑓𝑐𝑐2+𝜔𝜔𝑔𝑔𝑒𝑒
2 𝜎𝜎𝑐𝑐𝐸𝐸𝑚𝑚 + 𝑤𝑤𝑔𝑔𝑒𝑒 𝑓𝑓𝑐𝑐

𝑓𝑓𝑐𝑐2+𝜔𝜔𝑔𝑔𝑒𝑒
2 𝜎𝜎𝑐𝑐𝐸𝐸𝑦𝑦   

 

𝑖𝑖𝑦𝑦 =
𝑓𝑓𝑐𝑐

2

𝑓𝑓𝑐𝑐
2+𝜔𝜔𝑔𝑔𝑒𝑒2 𝜎𝜎𝑐𝑐𝐸𝐸𝑦𝑦 −

𝑤𝑤𝑔𝑔𝑒𝑒𝑓𝑓𝑐𝑐
𝑓𝑓𝑐𝑐

2+𝜔𝜔𝑔𝑔𝑒𝑒2 𝜎𝜎𝑐𝑐𝐸𝐸𝑚𝑚   Eq.(4.41)  

 

jz = σoEz   

 

Rewriting the equation system Eq.(4.41) in dyadic notation 

 

𝑖𝑖 = 𝜎𝜎.𝐸𝐸 Eq.(4.42) 

 

the conductivity tensor gets the form 

 

𝜎𝜎 = �
𝜎𝜎𝑃𝑃 −𝜎𝜎𝐻𝐻       0
𝜎𝜎𝐻𝐻 𝜎𝜎𝑃𝑃         0

  0         0         𝜎𝜎∥
� Eq.(4.43) 

 

where the tensor components are 

𝜎𝜎𝑃𝑃 = 𝑓𝑓𝑐𝑐2

𝑓𝑓𝑐𝑐2+𝜔𝜔𝑔𝑔𝑒𝑒
2 𝜎𝜎𝑐𝑐   

 

𝜎𝜎𝐻𝐻 = −
𝑤𝑤𝑔𝑔𝑒𝑒𝑓𝑓𝑐𝑐
𝑓𝑓𝑐𝑐

2+𝜔𝜔𝑔𝑔𝑒𝑒2
𝜎𝜎𝑐𝑐   Eq.(4.44) 

 

𝜎𝜎∥ = 𝜎𝜎𝑐𝑐 = 𝑙𝑙𝑒𝑒𝑒𝑒2

𝑚𝑚𝑒𝑒𝑓𝑓𝑐𝑐
  

 

The subscripts of the tensor components σP,σH,σ∥  are called Pederson, Hall and Parallel 

conductivity, respectively. These conductivities govern the behaviors of the Pederson, Hall 

and the field-aligned currents based to their alignment with respect to the electric and 

magnetic fields.  
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5 
 

Gas Discharge 
 

 

5.1 Introduction 

 

For plasma investigation purposes in laboratories, the glow gas discharge approach has been 

widely used for many decades. The principle of glow gas discharge is summarized in 

applying a potential difference of a specific magnitude (breakdown voltage) between two 

ends (electrodes: anode and cathode) of a gas volume, turning the gas into a conducting 

medium. A general scheme of a gas discharge tube is shown in figure (5.1). After the 

evacuation of the discharge tube, the low pressure gas filling the tube becomes ionized and a 

luminous glow evolves as a result of the electrical current flowing between the anode and 

cathode [5.1] generating a plasma. 

 

 

 

 

 

 

 

Figure (5.1): Schematic view of a typical glow discharge tube. 

 

This is achieved through the continuous generation of charge carriers, resulting from the 

collisions between the free electrons and the gas atoms and molecules. There are basically 

two quantities governing the gas breakdown of the gas discharge, which are the pressure (𝑚𝑚) 

and the distance between the electrodes (𝑑𝑑), given by the Paschen law [5.2].  

 Anode Cathode 

∆𝑣𝑣 

p 
𝑑𝑑 + - 
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In this chapter an overview of the gas discharge physics is presented concentrating on the 

glow gas discharge type, its regimes and gaseous processes. 

 

5.2 Gas discharge classifications 

 

Low-temperature gas discharges can be achieved in different ways. The basic principle 

hereby is to apply an electrical field to the existing electrons so that the necessary excitation 

energy is delivered. The applied electrical field differentiates the type of the gas discharge. 

These fields can be stationary (DC-discharge) fields, alternative or high frequency fields (AC-

discharge or HF-discharge). The plasma type of interest in the scope of this work is 

categorized under DC electrical glow discharges and therefore will be handled more in details. 

The AC gas discharges, inductively coupled plasma and microwave-induced plasma are 

addressed in details in [5.3]. 

 

The particles in a gas discharge include: the neutral gas particles, excited gas particles, the 

ionized gas molecules as ions and electrons. Each species owns a different average kinetic 

energy because of the different temperatures related to its masses. The average particle energy 

𝜀𝜀 in eV is given by 

 

𝜀𝜀 = 𝑘𝑘𝐵𝐵𝑇𝑇 Eq.(5.1) 

where  

𝑘𝑘𝐵𝐵 is the Boltzmann constant = 8.617343×10-5 [eV/K] 

𝑇𝑇 is the temperature [Kelvin] 

 

Beside the type of the generation energy, other thermodynamic criteria can be considered to 

further classification of gas discharges such as the temperature of the generated plasma 

species. Hereby, gas discharge plasma can be categorized into LTE-discharges und non-LTE. 

LTE stands for local thermal equilibrium and states that all plasma species possess the same 

temperature at localized regions of the plasma. LTE plasmas needs very high temperature to 

achieve this required comprehensive ionization scene. The required temperature range lies 

between 4,000 K and 20,000 K. LTE discharges are applied in industrial fields where heat is 

required for cutting or welding. Most plasma in the interstellar space and those experimentally 

generated are non-LTE. Experimentally generated non-LTE discharges are used for etching or 

deposition of thin layers [see 5.3]. Depending on the need of an external supply of charge 



 95 

carriers to maintain the breakdown state of the gas discharge, a dependent gas discharge is 

differentiated from a standalone discharge, where collision ionization ensures the continuous 

generation of electrons needed to maintain the discharge. 

 

5.3 Glow gas discharge 

 

The general principle of glow gas discharge is enfolded in applying potential difference of 

several kV on two electrodes, which can be installed on or inserted into a cell filled with gas 

at low pressure (usually in the magnitude of few Torrs). The gas breakdown results in the 

decomposition of gas into free moving electrons and positive ions, i.e. formation of plasma. 

According to the Paschen law, the breakdown happens as a spark, whose voltage (critical 

breakdown voltage 𝑉𝑉𝑊𝑊 ) is a function of the gas pressure and the distance between the 

electrodes. 

 

The resulting positive ions are accelerated, due to the applied electrical field, toward the 

cathode, from which secondary electrons are dispatched as a result of ions bombardment. The 

released secondary electrons flow back through the plasma toward the anode increasing the 

total electron budget in the plasma volume. The electron increase depends on effective energy 

transport between the colliding electrons and the gas neutrals or excited atoms and molecules, 

summarized as an ionizing collision [5.4]. The ionizing collision creates new pairs of 

electrons and ions. The latter are again accelerated towards the cathode and can repeatedly 

produce secondary electrons and so on. The excitation collisions, on the other hand, are 

normally followed by de-excitation processes, which result in radiative energy release caused 

by electron decay into lower energy levels in one or many transitions. This radiated energy 

characterizes this type of gas discharge being a “glow” discharge. 

 

What makes a glow discharge self-sustainable is the balance between the electron generating 

processes, namely the combination of secondary electron generation and ionizing collisions, 

and the electron recombination process. One major characteristic of the “normal” glow 

discharge is the independence between the discharge potential and current (in the magnitude 

10-3 Ampere) [5.5]. Despite the familiar diffusively luminous plasma manifestation, a glow 

discharge may consist of a sequence of alternating dark and glow regions within the inter-

electrode space. Figure (5.2) shows typical voltage distributions of a glow discharge [see 5.5]. 

A schematic representation of these regions is shown in figure (5.3). 
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Figure (5.2): Typical voltage distributions of a glow discharge [after [5.5]], where A: Aston 

dark space, B: Cathode glow, C: Cathode dark space, D: Negative glow, E: 

Faraday dark glow, F: Positive column, G: Anode glow, H: Anode dark space. 

 

In a conventional glow discharge in a tube, the following typical values apply [5.6]. 

 

 

 

 

 

 

 

 

Table (5.1): Parameters for a conventional low-pressure glow discharge in a tube. 

 

Electrons and ions residing in the cathode surroundings are low-energetic (about 1eV) and 

therefore can’t ionize gas atoms. This is the reason for the Aston dark space. The applied 

electric field feeds the electrons with necessary energy to start ionic excitation explaining the 

cathode glow. As the electrons are further accelerated, more energy is acquired which is 

sufficient for ionization, creating a low radiative region with high electron density (cathode 

dark space).  
 

Parameter Typical values 
Discharge tube radius 0.3 - 3 cm 
Discharge tube length 10 - 100 cm 
Plasma volume ~ 100 cm2 
Gas pressure 0.03 - 30 Torr 
Electrode potential 100 - 1000 V 
Electrode Current 10-4- 0.5 A 
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Figure (5.3): Spatial distribution of the major regions of a glow gas discharge [See 5.6]. 

 
The high electron density at the end of the cathode dark space reduces the ionization rate and 

intensifies the radiation (negative glow). Moving further away from the cathode, electrons 

undergo energy loss creating the Faraday dark space, where low plasma density dominates 

beside a growing electric field creating the positive column. The anode pulls the electron and 

repels the ions, causing a region with a reduced electron density (anode dark space) before the 

anode and a region with increased electric field (electron concentrations) called the anode 

glow. 

 

5.4 Electrical considerations of a glow discharge 

 

While the applied potential on the electrodes is smaller than the critical breakdown voltage 𝑉𝑉𝑊𝑊 , 

a very small initial current 𝐼𝐼𝑐𝑐  can be observed. 𝐼𝐼𝑐𝑐  rises as the applied voltage reaches 𝑉𝑉𝑊𝑊  with 

typical values ranging between 10-10 and 10-7 A. The flowing current between the electrodes 

depends on the externally applied current and builds a region of an invisible ionization called 

Townsend discharge. 

 

By increasing the initial current to no more than a few microamperes, the electrode potential 

remains unaltered and a current flows between the electrodes independent of the applied 

potential. This V-I independency specifies the criterion for the lowest voltage needed to allow 

a self-sustained ionization current to flow. As the current is further increased a potential drop 

is observed until values near the 𝑉𝑉𝑊𝑊  where again the potential becomes independent of the 

  + - 

 Anode 
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Cathode 
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Aston dark 
    space 
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current. Because of the need of an adequate discharge current, the glow discharge is known as 

a space charge controlled phenomenon. The needed discharge-current-independent voltage to 

sustain a Townsend discharge phase coincides with the breakdown voltage 𝑉𝑉𝑊𝑊  (region B-C in 

figure (5.4)). 
 

 
 

Figure (5.4): Generalized current-voltage characteristics of DC discharges [5.12]. 
 

An increase in the applied electric field (or reducing the external resistance) increases the 

electrode current and consequently the plasma density (region C-D in figure (5.4)). This 

reduces the voltage with current and initiate the transition from the dark (Townsend) to a 

glow discharge. Because of the small plasma current, this step is known as “subglow 

discharge”. A further increase in the electric field (or reduction in the resistance) drives the 

normal discharge glow shown in region D-E in figure (5.4). The maximum current density is 

directly related to the cathode surface. Consequently the current density is fixed on the 

cathode. Even though, to reach higher current density values, an increase of the applied 

voltage is needed in a regime called “abnormal” glow discharge. This is depicted with the 

interval EF in figure (5.4), where a further increase in voltage and current leads to the 

transition into the arc-discharge at current around 1 Ampere. 

 

5.5 Gaseous processes 
 

When applying a potential difference on a gas, the free gas electrons are accelerated and 

collide on their way to the anode with other gas atoms and molecules. These collisions can 
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result in ionizing or exciting the gas neutrals, when the colliding electrons own the required 

minimum excitation (luminous effect) or ionizing (secondary electrons + ions generation) 

energy. Due to the energy loss by these collisions, they are termed inelastic collisions. On the 

other hand, an elastic collision would result in neither excitation nor ionization, whereby both 

collision partners maintain their previous energetic states; conservation of the kinetic energy. 

Next, these chemical processes are shortly discussed with the focus on the ionization process 

due to its importance in creating secondary electrons and ions for maintaining the glow 

discharge. 

 

5.5.1 Excitation ionization and ionization collision 
 

Electrons, residing in shells around the nucleus, exist with quantized energy levels in an atom 

or in the atoms of a molecule. Different excitation states require different quantized energies 

as thresholds. Generally speaking, 4 energy modes are quantized in an atom or molecule 

including: translational mode, vibrational mode, rotational mode and electronic energy. 

 

During an inelastic collision, partial electron energy is transferred to the atom or molecule, 

raising it from the ground (neutral) state to an excited state. Depending on the amount of the 

transferred energy an atom or molecule can be raised into one or more level of excitation. 

Therefore, the kinetic energy of the colliding electron must exceed the threshold excitation 

energy 𝐸𝐸𝐸𝐸𝑚𝑚  of an excitation reaction to enable it. 

 

𝑁𝑁 +  𝑒𝑒− → 𝑒𝑒− + 𝑁𝑁∗, if 𝜀𝜀𝑒𝑒 ≥ 𝐸𝐸𝐸𝐸𝑚𝑚  Eq.(5.2) 

 

According to the Planck relationship, when an excited gas atom or molecule is relaxed back 

(downward transition), it releases an energy amount equals to the energy difference between 

the involved quantum energy states, i.e. between the excited and the ground state, in the form 

of a light photon. In gas discharges, when the released energy coincides with the visible light 

wavelength range, a visible glow evolves. Since different gases are composed of different 

atoms and molecules, each owing a unique scheme of energy levels, different colors of gas 

discharges are observed.  When the colliding electrons own a sufficient energy bigger than the 

ionization energy 𝐸𝐸𝑖𝑖𝑐𝑐𝑙𝑙  of a gas molecule or atom, an electron becomes completely detached 

resulting in an ion and two electrons. 
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𝑁𝑁 +  𝑒𝑒− → 2𝑒𝑒− + 𝑁𝑁∗, if 𝜀𝜀𝑒𝑒 ≥ 𝐸𝐸𝑖𝑖𝑐𝑐𝑙𝑙  Eq.(5.3) 
 

Known as ionizing collisions, this chemical process dominates the gas discharge and is 

considered to be the most important mechanism for the generation of secondary electrons. 

 

Remarkably, although many electrons have sufficient energies fulfilling the conditions of an 

excitation or an ionization reaction, the probability of a successful reaction is relatively small. 

This probability depends on the collision cross-section 𝜎𝜎𝑒𝑒 , which is a function of the incident 

kinetic energy of the electron 𝜀𝜀𝑒𝑒 . In general, at small incident electron kinetic energy 𝜀𝜀𝑒𝑒 ≤ 1 

eV only elastic collisions occur, whereas at moderate energies 1 ≤ 𝜀𝜀𝑒𝑒 ≤ 10 eV both elastic 

and excitation collisions are possible and for 𝜀𝜀𝑒𝑒 > 10 eV both collision types and ionization 

are possible [5.7]. 

 

It should be noted here, that there exist other reaction types and ionization schemes, of which 

the most important is the electron attachment where an electron attaches to a neutral gas 

molecule creating a molecular ion. This reaction is of importance in electronegative gases and 

is out of the scope of this dissertation. 

 

5.5.2 Electron impact ionization - The α Process 

 

Defining the electron collision frequency 𝑣𝑣𝑒𝑒  as being the number of collisions an electron 

undergoes per unit time and given by 
 

𝑣𝑣𝑒𝑒 = 𝑁𝑁 ∫𝑙𝑙𝜀𝜀(𝑒𝑒)𝜎𝜎𝜀𝜀(𝑒𝑒)𝑣𝑣𝑑𝑑𝜀𝜀𝑒𝑒
∫𝑙𝑙𝜀𝜀(𝑒𝑒)d𝜀𝜀𝑒𝑒

 Eq.(5.4) 

where 

 𝑁𝑁 is the total number of neutrals existing in a volume, with which an electron 

may probably collide. 

𝑙𝑙𝜀𝜀(𝑒𝑒) is the electron energy distribution in eV-1. 

 𝑣𝑣 is the average electron velocity in [m/s]. 

 𝜎𝜎𝜀𝜀(𝑒𝑒) is the collision cross-section in [m2]. 

 

Equation Eq.(5.4) is generalized and can be also employed to calculate the ion collision 

frequency by substituting the ion’s collision cross-section. Using Eq.(5.4), the temporal 
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electron production rate out of ionization collision is the electron collision frequency times 

the number of free electrons 
 

𝑑𝑑𝑁𝑁𝑒𝑒
𝑑𝑑𝜕𝜕

= 𝑣𝑣𝑒𝑒𝑁𝑁𝑒𝑒 Eq.(5.5) 

 

Solving for 𝑁𝑁𝑒𝑒  yields 

 

𝑁𝑁𝑒𝑒(𝜕𝜕) = 𝑁𝑁𝑒𝑒(𝑐𝑐) 𝑒𝑒𝑣𝑣𝑒𝑒𝜕𝜕 Eq.(5.6) 

 

where 𝑁𝑁𝑒𝑒(𝑐𝑐) is the number of electrons at t = 0. The exponential increase in the produced free 

electrons is referred to as electron avalanche. 

 

5.5.3 Spatial electron avalanche (Townsend’s first ionization coefficient α) 
 

Defining the number of secondary electrons created by ionization collisions as it travels a 

distance of 1 cm to be 𝛼𝛼 (equals to the ionization rate), the ratio Ne/𝛼𝛼 is defined as the drift 

velocity of an electron 𝑣𝑣𝑑𝑑 . Accordingly, the following relationship holds 

 

𝑁𝑁𝑒𝑒 = 𝛼𝛼𝑣𝑣𝑑𝑑  Eq.(5.7) 

 

𝛼𝛼 is known as Townsend’s first ionization coefficient and the process of electron impact 

ionization is referred to as α-process or spatial electron avalanche. Originally, 𝛼𝛼 was derived 

by Townsend - and has been experimentally verified - in the form 

 
 

𝛼𝛼 = 𝐴𝐴𝑚𝑚𝑒𝑒�
−𝐵𝐵𝑚𝑚
𝐸𝐸 � Eq.(5.8) 

 

as 𝐴𝐴 and 𝐵𝐵 are gas-dependent constant given in [1/cm-Torr] and [V/cm-Torr], respectively. 

Typical values are given in table (5.2) [5.8]. 
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Table (5.2): Numerical Parameters A and B for the calculation of Townsend coefficient 𝛼𝛼. 

 

In analogy to Eq.(5.5), the spatial production rate of electrons driven by collision ionization is 

given by 

 
𝑑𝑑𝑁𝑁𝑒𝑒
𝑑𝑑𝜕𝜕

= 𝛼𝛼𝑁𝑁𝑒𝑒 Eq.(5.9) 

 

with 𝑁𝑁𝑒𝑒(𝑐𝑐) as the initital number of electrons at at t = 0, the electron avalanche in space is 

given by the solution 

 

𝑁𝑁𝑒𝑒(𝑚𝑚) = 𝑁𝑁𝑒𝑒(𝑐𝑐)𝑒𝑒𝛼𝛼𝑚𝑚 Eq.(5.10) 
 

It can be directly seen from Eq.(5.10) that an exponential electron rate results as a single 

electron propagates through the discharge volume from the cathode to the anode. Assuming a 

anode-to-cathode separation d, the flowing current into the anode (𝑖𝑖𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒 ) is then given by 

 

𝑖𝑖𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒 = (−𝑞𝑞)𝑁𝑁𝑒𝑒(𝑐𝑐)𝑒𝑒𝛼𝛼𝑑𝑑 Eq.(5.11) 

 

where 𝑞𝑞 is the unit charge (1.602x10-19Coulomb). Although ions are heavier and therefore 

slower, in a steady state discharge, it is assumed that the overall discharge current 𝑖𝑖 

approximately equals the currents at the anode and cathode (also the ion’s current at the 

cathode is much slower than the electrons’ at the anode due to the bigger mass) 

 

𝑖𝑖 ≈ 𝑖𝑖𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒 ≈ 𝑖𝑖𝑐𝑐𝑚𝑚𝜕𝜕ℎ𝑐𝑐𝑑𝑑𝑒𝑒  Eq.(5.12) 

 

Gas A, 1/cm Torr B, 1/cm Torr Gas A, 1/cm Torr B, 1/cm Torr 
Air 15 365 N2 10 310 
CO2 20 466 H2O 13 290 
H2 5 130 He 3 34 
Ne 4 100 Ar 12 180 
Kr 17 240 Xe 26 350 
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5.5.4 Ion impact ionization - The β process  
 

As stated for electrons, there exists a similar electron generation mechanism based on 

collisions between the ions and gas molecules known as the ion impact ionization (β process). 

Assuming that γ is the number of the released secondary electrons on the cathode per ion, the 

following condition must hold for a stand-alone gas discharges 
 

𝛾𝛾(𝑒𝑒𝑚𝑚 − 1) ≥ 1 Eq.(5.13) 

 

known as, Paschen breakdown condition, the condition states that the ionization rate should 

be bigger than the recombination rate in order to maintain a continuous self-production of 

electrons. Typically between 2 and 5 ion collisions are needed to wipe out a single free 

electron [5.1]. 

 

Both electron-producing collision processes are collectively described by 

 
𝑑𝑑𝑁𝑁𝑒𝑒
𝑑𝑑𝑚𝑚

= 𝛼𝛼 �𝑁𝑁𝑒𝑒(𝑐𝑐) + 𝑁𝑁𝑒𝑒� + 𝛽𝛽𝑁𝑁𝑖𝑖(𝑐𝑐) Eq.(5.14) 

where  

𝑁𝑁𝑖𝑖(𝑐𝑐) is the intital number of existing ions. 

 

Solving Eq.(5.14) yields 

 

𝑁𝑁𝑒𝑒(𝑚𝑚) = 𝑁𝑁𝑒𝑒(𝑐𝑐)
(𝛼𝛼−𝛽𝛽)𝑒𝑒(𝛼𝛼−𝛽𝛽)𝑚𝑚

𝛼𝛼−𝛽𝛽𝑒𝑒(𝛼𝛼−𝛽𝛽)𝑚𝑚  Eq.(5.15) 
 

Again, the exponential avalanche is noticed in the electron production mechanisms 𝛼𝛼 and 𝛽𝛽. 

 

It should be remarked here, that there is a difference between the required minimum kinetic 

energy between electrons and ions to successfully initiate an ionization. Whereas it is enough 

that 𝜀𝜀𝑒𝑒 ≥ 𝐸𝐸𝑖𝑖𝑐𝑐𝑙𝑙  for electrons to ionize a neutral, the ion’s kinetic energy should be at least 2 

times bigger than 𝐸𝐸𝑖𝑖𝑐𝑐𝑙𝑙 . This is due to the electric field of the ions, which polarizes the neutral 

and softens thereby the collision. Consequently, more kinetic energy is needed or in other 

words more velocity. Additionally, since the mass of an ion bigger than an electron, the time 
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scale of ions’ motion is too slow to comply with the time scale of electrons and they play 

therefore a minor role in the discharge formation compared with electron. 

 

5.5.5 Photon impact ionization - Photoionization  

 

In analogy to electron and ion collision impact, photons - originating from external sources or 

from the discharge itself - possessing enough energy can ionize gas atoms and forms therefore 

another electron production source in a gas discharge. 

 

The photon energy and the related chemical processes of excitation and ionization are 

discussed in chapter 7in details. Although a required photon energy exceeding the ionization 

energy 𝐸𝐸𝑖𝑖𝑐𝑐𝑙𝑙  is a precondition for a successful ionization process, step-ionizations enable an 

atomic ionization or even polyatomic dissociation by photons with energies much smaller 

than 𝐸𝐸𝑖𝑖𝑐𝑐𝑙𝑙 . This is carried out by multi-stage excitation collisions, each injecting a small 

amount of energy, which reduces the final required insertion energy to fulfill an ionization 

process. Photoionization is not considered being a primary ionization effect, though it cannot 

be neglected. 

 

5.6 Paschen law and Paschen diagram 

 

Paschen showed experimentally, that the breakdown voltage in a homogeneous field depends 

merely on the product of the pressure and the discharge distance between the discharge ends 

[5.9]. Using the Townsend’s breakdown conditions, approximate formulas for Townsend’s 

ionization coefficients and the assumption of a homogeneous field distribution, a closed 

analytical approximation for the breakdown voltage 𝑉𝑉𝑊𝑊  , known as the Paschen law, is given 

by [5.10] 

 

𝑉𝑉𝑊𝑊 = 𝐵𝐵.𝑚𝑚𝑑𝑑

𝑙𝑙𝑙𝑙

⎝

⎜
⎛𝐴𝐴.𝑚𝑚𝑑𝑑

𝑙𝑙𝑙𝑙�1+1 𝛾𝛾� �
�

⎠

⎟
⎞

 Eq.(5.16) 

where 

𝑑𝑑 is the discharge displacement. 
𝑚𝑚 is the gas pressure. 
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𝐴𝐴,𝐵𝐵 are gas specific parameter. 
𝛾𝛾 is the retraction coefficient generating secondary electrons. 

 

In a homogeneous field, the breakdown field strength is given by 
 

𝐸𝐸𝑊𝑊 = 𝑉𝑉𝑊𝑊
𝑑𝑑�  Eq.(5.17) 

 

In the corresponding Paschen curve, relating 𝑉𝑉𝑊𝑊  to the 𝑚𝑚𝑑𝑑 product, a minimum breakdown 

voltage exists (for air this value ≈ 9 bar. μm [5.11]). Different regions of the Paschen curve 

have been studied and experimentally verified. A listing with these values is given by Dakin 

[5.12] along with an updated Paschen curve. 

 

 
 

Figure (5.5): Breakdown Paschen curves for different atomic and molecular gases [5.12]. 
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6 
 

Experimental Apparatus 
 

 

6.1 Introduction 

 

In order to simulate the behaviour of the ionospheric processes, it was necessary to construct a 

stable laboratory setup, which is capable of fulfilling necessary mechanical and electrical 

conditions. These conditions drove the selection of the building parts as well as the 

measurement equipment. The core of the system is embodied in the vacuum tube, where the 

plasma generation is carried out based on gas discharge. Additionally, other essential sub-

systems including the power supply system, the vacuum system and the diagnostic and 

control systems were of the same degree of importance and have been carefully selected and 

built up to achieve the best possible degree of stabilization, reproducibility and reliability of 

measurements. 

 

The experiments presented in this thesis were performed on the experimental setup called 

“Ionospektroskop”. Firstly a general description of the setup is presented, which is then 

followed by more specific descriptions of the subsystems as well as the conducted 

measurements. In details, the different building components will be presented beside the 

justification of their employment. Additionally the technical specifications will be addressed, 

on which the adequacy of operation has been verified. The major realization milestones, 

hazards and workarounds will be also presented. Finally, the system tests and their results are 

demonstrated and discussed. 
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6.2 Construction considerations 

 

• Setup in a manageable dimensions 

 

To achieve a possibly easy management of the experimental set-up, the choice of the main 

discharge tube fell on a 54 cm long acrylic glass tube. The choice of the tube has to undergo 

various financial as well as electrical considerations. Other possible tube materials could be 

aluminium or copper, which could have had been more expensive but also would have had 

more complex electrical interactions to consider with the evolving electrical system between 

the plasma and the power supply. The selected length made it also possible to apply other 

diagnostic systems like the Helmholtz coil configuration as well as the optical and microwave 

systems in a convenient manner. The relatively compact size of the system made it easy to 

handle necessary modifications and adjustments effectively (for example: replacing the high 

voltage probes or testing microwave antennas of broader bandwidths). 

 

• Directions of the Tube 

 

Because the orientation and variations of the geomagnetic field had a direct influence on the 

plasma behaviour, the orientation of the discharge tube was initially selected to be in the 

north-south direction. The magnetic orientation was undertaken in two phases: with the help 

of a yacht-compass, a rough alignment phase provided the initial alignment. The fine-

alignment phase was carried out with a magnetic field detector (FM-GEOX) with resolution 

of  ±1 𝑙𝑙𝑇𝑇. The final magnetic orientation of the discharge tube was achieved after a couple of 

iterations in the order of ± < 1 degree. In this manner, magnetic field fluctuations (for 

example due to sudden solar events) could be considered, as they are reflected mainly in the 

magnetic field variation components in the north-south direction. 
 

• Key task is to generate a plasma. 

 

As being the core of the simulation efforts, the very first challenging task was the generation 

of plasma. The plasma state had to enable studying its characteristics as a first step to be 

followed by studying the plasma behaviour under different electrical and magnetic conditions. 

Different laboratory plasma generation methods have been proposed in the literature and 

intensively treated [6.1]. Based on the available equipment, the most practical generation 
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method appeared to be a modified DC glow discharge. The major difficulty herewith was the 

extremely short lifetime of plasma. A short luminous appearance of a diffusive plasma in the 

tube detained any possibility to conduct plasma analysis with the available equipment. 

Therefore, another approach has been developed as a pulsed DC glow discharge. 

 

• Plasma stabilization to restudy its characteristics 

 

An important aspect of the research was the ability to repeatedly generate “almost” the same 

plasma conditions, upon which the reproducible plasma behaviour results can be based. Based 

on this triggered DC discharge, a “stabilized” plasma has been achieved after the fine 

adjustment of the length of the spark gap along with the values of the applied voltage and 

current. Although the voltage and current feeds were automatically regulated by the system’s 

electrical circuit, they had to be experimentally adjusted firstly to reach the necessary 

breakdown values. After the breakdown, further voltage and current feed is needed to drive -

when possible - a plasma tube-filling. After this had been achieved, a final fine-tuning of the 

millimetre screw was necessary to remove plasma filaments and maintain, when possible, a 

“quasi-homogenous” diffusive plasma filling. 

 

• On-Earth solution against traditional ionospheric probing techniques 

 

As shown in Chapter 2, diverse ionospheric probing techniques have been employed since the 

start of ionospheric research era. The huge scientific and technical personnel as well as 

tremendous costs of the measuring devices and systems onboard characterized the space-

based missions. (Example: Imaginer, SOHO or others, mission costs, monitoring and control 

overhead). Despite the costs, the space-borne systems delivered precise observations of 

ionospheric structures, variations and dynamic processes. Nevertheless, their products are 

spatially and temporally restricted to the geographical location within the observation 

epochs.On the contrary, ground-based solutions (like bottom-sounders and radar scattering 

techniques) are less costly and have a far longer lifetime but still share the same observational 

space-time coverage problem with space-approaches when a global phenomenon is of interest. 

A further cheaper ionospheric investigation system would be a laboratory experimental 

construction to deeply investigate the ionospheric plasma behaviour and interactions with 

electrical and magnetic variations. Simulations of plasma transports and their driving current 

along with the coupling between them and the geomagnetic field could greatly enhance our 
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understanding and help in improving the existing models of the ionosphere and sun-earth 

connection. The latter aspect has for sure a great potential on the space weather forecasting 

efforts for a wide application spectrum. 

 

6.3 Pre-tests (E and B field measurements of the surrounding) 

 

The spatial distribution of the electrical and magnetic field in the measurement laboratory was 

measured using an electrical and magnetic field measurement devices and a biconical antenna. 

The averaged measurements over all 3-height levels are given in table (6.1). The values are 

related to a 6 (laboratory length / 1m) x 3 (laboratory width / 0.5m) x 4 (height /0.5m) grid of 

the laboratory are shown in figure (6.1). 
 

 

Point 
E-Field (V/m) B-Field (nT) 
X Y Z X Y Z 

1 4 30 10 10 30 10 
2 2 5 3 10 20 10 
3 20 20 10 10 15 10 
4 10 10 7 20 10 10 
5 10 10 10 20 10 10 
6 3 30 10 10 10 10 
7 40 50 40 30 10 10 
8 10 10 8 20 10 10 
9 1 10 10 20 20 10 

10 30 20 10 20 10 10 
11 10 10 10 20 10 10 
12 10 2 2 20 10 10 

 

 

Table (6.1): Average measurements of the 

magnetic and electrical field 

variations in the laboratory. 

 

Figure (6.1): Spatial grid of the laboratory. 

 

  

x 
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The magnetic field measurements were conducted in x (north-south), y (east-west) and z 

(vertical) directions corresponding to the same direction-sense of the discharge tube. The 

magnetic field had a variation of 10 nT maximum in the x-direction (North-South) between 

node 7 and 4 and 8 respectively. Otherwise, the magnetic components in the y and z 

directions had no noteworthy variations. On the other side, the variations in the electrostatic 

field measurement had a similar intensity in the spot where the apparatus was mounted. 

Variations of the electrical field density of 30 V/m (x-direction), 40 V/m (y-direction) and 30 

V/m (z-direction) were measured. In the mentioned spot the main electrical supply line was 

located inside the wall exactly between nodes 4 and 7 and could have provided these 

variations in both the electrical and magnetic fields. 

 

6.4 Goal-oriented design 

 

The system design was initially triggered by the motivation of the research. The practical 

implementation was conceived in a goal-oriented manner, in which a set of initial, 

intermediate, and ultimate goals was set and accordingly the system design was initiated and 

continuously constructed. 

• Initial goals: to achieve an experimental setup for a partial simulation of ionospheric 

processes and reactions, in which an almost “stabilized” and repeatable ionospheric-like 

plasma state can be generated on which the acquisition and analysis of the plasma electrical 

parameters can be based. 

 

• Intermediate goals: To analyze the plasma and search for its electrical properties as 

well as its chemical composition using a series of probing and measurement systems to be 

constructed. 

 

• Ultimate goals:  

• To project the simulation results on the real ionosphere and explain the plasma 

behaviour during electrical and magnetic fluctuations. 

• To predict the ionospheric changes resulting from sudden electric and magnetic field 

changes 

• To predict and correct the ionospheric influences on HF-signals propagating through it 

(ex. GNSS signals).  



 111 

Necessary refurbishments were also flexibly undertaken to cope the usage of new 

measurement devices and, sometimes, new measurement approaches. This flexible approach 

made it possible not only to test different investigation equipment but also to evaluate more 

experimental practices and experiments. 

 

6.4.1 Design specifications 

 

In the following the setup design will be addressed in terms of the vacuum system and its 

constituents. 

6.4.1.1 Vacuum tube 

 

The vacuum tube (a cylindrical plasma chamber) is made of poly(methyl methacrylate) 

(PMMA) in some literature called acrylic glass. The cylinder has a 540 mm length, 750 mm 

radius and 10 mm wall thickness. At each end of the tube, a cap with 100 mm radius and the 

same wall thickness of 10 mm was mounted. To avoid pressure leakages, the side caps were 

glued to the tube by a thermal glue, after being scattered in a graved circle in the inner side of 

the cap with the same outer radius of the tube and the same gap width, so that the tube’s end 

perfectly fits in it. Initially, several pretests of the side covering were carried out to test its 

pressure and heat-coping capability. 
 

 

 

 

 

 

 

 

Figure (6.2): The plasma chamber (discharge tube) and its caps. 

 

The plasma chamber was mounted on the top of a highly resistive rectangular acrylic glass 

basis shown in figure (6.3). The employment of the basis was primarily due to the following 

reasons: 

  

540 mm 

75 mm 

10 mm 

10 mm 

100 mm 
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1. To avoid any electrically conductive connections with other devices or metallic surfaces on 

the working bench. 

2. To raise the height of the discharge tube (plasma chamber) to a comfortable height in 

which different probes and connectors could be attached (mounted) on the tube, especially 

on the lower row of electrodes. 

 
 

 

 

 

 

 

 

Figure (6.3): The supporting acrylic basis. 
 

The plasma sensing and measuring equipment such as the high voltage probe, the microwave 

diagnostic antennas and the Helmholtz coils were mounted and fine-adjusted using a set of 

support rods and isolated clips for a stable and isolated functionality. 

 

6.4.1.2 Pumping system 

 

The plasma chamber was evacuated using a single stage rotary pump (ILMVAC 301010 P3S) 

with an ultimate pressure of 3 x10-2mbar. To avoid unnecessary vibrational effects of the 

plasma evolution and stabilization, the pump was mounted away from the working bench. A 

1.3 m long pumping tube was connected between the pump and the plasma chamber. A 15 

mm radius opening was cut in the tube from the cathode side to which the pumping tube was 

connected. This is shown in figure (6.4). 
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18 mm 
270 mm 500 mm 
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Figure (6.4): Cathode side 

 

The pump was able to reach a maximum base pressure of ~ 0.03 mbar under normal 

operational conditions. The achieved vacuum pressure during the measurement runs ranged 

between 0.3 and 0.5 mbar. Pressure fluctuations were compensated by the pressure-voltage 

relationship according to the Paschen law so that a stabilized triggered glow discharge 

evolved. 

 

6.4.2 Electrical structure 

 

6.4.2.1 Introduction 

 

The core of the “Ionospektroskop” represents the generation of the plasma. The plasma 

generation process presumes some preconditions to be fulfilled in terms of the system design, 

the power supply and transport and the electrical as well as physical properties of the 

measurement nodes. These electrical design criteria are to be addressed in the following 

section. 

 

6.4.2.2 Power supply system 

 

The generation of an ionospheric-like plasma needs in addition to the required corresponding 

low pressure, also a continuous power supply in the kilovolt range. Typical laboratory power 

supplies deliver DC-voltages of arbitrary ranges depending on the application, however with 

nonadjustable current levels. The discharge current primarily defines the type of gas discharge 

and should be monitored if possible.  

57 mm 
20 mm 
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Considering the range criteria of the deliverable voltage and currents beside the monitoring 

possibility, a special power supply unit fulfilling these requirements was demanded. A 

Heinzinger HNCs35000-5 high voltage power supply was used with the following 

specifications: 

 

Output voltage 70 to 35,000 V ± 7 V DC 
Polarity positive 
Output current limit 0 to 5 mA 
Line input 220V AC, 50 Hz, 2A 

 

Table (6.2): Specifications of the Heinzinger power supply. 

 

The power supply is equipped with analog meters for the output voltage and currents, which 

are continuously settable with independent voltage and current regulators. Special high 

voltage connector plugs (company LEMO) - specially manufactured for this series of 

Heinzinger power supplies- were also used to assure the best possible operational compliance. 

The power supply had a protective resistance in series to the output, which limits the short 

circuit current 500 times of the nominal current. The resulting voltage drop of this protective 

resistance is digitally compensated. 

 

 

 

  

 

 

 

 

 

Figure (6.5): Heinzinger power supply (left) and its special connector plugs (right) [6.2]. 
 

6.4.2.3 Break contact 

 

A traditional DC glow discharge procedure would have produced a diffusive plasma with a 

very short lifetime, so that a plasma diagnostic would had been, accordingly, not possible.  
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A work-around was to construct a supporting power supply mechanism which guarantees the 

continuous flow of voltage in the form of sparks. This has been realized with the usage of a 

millimeter-screw mounted on a scaled metal rod. The millimeter-screw was isolated on the 

adjustment side by a rubber coat. On the top of the rod, a wooden clip was mounted to 

support the power supply cable. The construction, as shown in figure (6.6), was mounted on 

the anode side without having a direct contact with the plasma chamber. 

 

 

 
 

Figure (6.6): Break contact construction. 
 
With this construction a continuous chain of sparks was fed to the anode representing the 

required breakdown voltage from one side, and a dense alternating power supply to enable the 

generation of a durable plasma on the other side. However, the break contact increased the 

number of parameters to consider in order to reach the stabilized plasma state (beside: voltage, 

current and pressure). 

 

6.4.2.4 Energy transport analysis in the break contact 
 

The energy transport between the high voltage cable and the anode sphere undergoes the 

following efficiency analysis for the first approximation: 

 

To achieve an electrical breakdown in air, the applied voltage has to be greater than the 

breakdown voltage of air. Beside the physical properties of the air spark gap like humidity 

and temperature, the shape of the spark nodes influence also the evolution of streamer (energy 

transport channels in sparks). According to the guidelines VDE 0433, the typical breakdown 

voltages 𝑉𝑉𝑊𝑊of spherical spark gaps are given as a function of the length of the spark gap and 
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the radius of the spheres. The tabular values are related to standard atmospheric conditions i.e. 

by 1013.25 mbar air pressure and a temperature of 20° C. 

 

The breakdown voltage is also dependent on the air density, humidity and ionization. Holding 

the condition that the spark gap length 𝑑𝑑 is smaller than the radius of the sphere 𝑟𝑟, the latter 2 

conditions are proposed to be not effectively influencing the electrical conditions driving the 

development of breakdown. The real breakdown voltage 𝑉𝑉𝑊𝑊𝑟𝑟  by an air density 𝑃𝑃  and 

temperature T is given by [6.3]: 
 

𝑉𝑉𝑊𝑊𝑟𝑟 = 𝑉𝑉𝑊𝑊 .𝜌𝜌 = 𝑉𝑉𝑊𝑊 . � 𝑃𝑃
1013.25 . 273+20

273+𝑇𝑇 � Eq.(6.1) 

 

where the parameter 𝜌𝜌 is called the air density correction factor. The resulting breakdown 

values have an uncertainty of ±3% as long as 𝑑𝑑 ≤ 𝑟𝑟 . For higher values of 𝑑𝑑  the values 

become very uncertain and therefore unapplicable.  

 

Under modified atmospheric conditions in the laboratory, where the dry air pressure 

corresponding to the average height above the sea level of Berlin (35 m) equals 1010 mbar 

and a standard atmospheric temperature of 20° C, the average dry air density calculated by the 

ideal gas law 

𝜌𝜌 = 𝑃𝑃
𝑅𝑅.𝑇𝑇

 Eq.(6.2) 

 
where 𝑅𝑅 is the specific gas constant for dry air (286.05 J/kg.K) is equal to 1.2006 kg/m3. 

Applying the 𝑉𝑉𝑊𝑊  value from the VDE 0433 guidelines for the anode’s sphere and the 

calculated air density in Eq.(6.1) yields a breakdown voltage of 2 kV/mm. 
 

Energy transport analysis in the brass spheres 

 

The conductivity budget of the anode depends, besides the effective energy transport of the 

spark gap, on the conductivity of the brass spheres and brass plate mounted on the side cap on 

the anode side. The conductivity 𝜅𝜅 of brass is given as the reciprocal of the electric resistivity 

in Mega Siemens per Meter (MS/m). The employed brass composition of the anode 

constituents has an electric resistance of 0.06 𝜇𝜇Ω.𝑚𝑚 corresponding to 14.3 MS/m. 
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A brass-sphere was mounted on the anode-plate to ensure an almost regular energy transport 

function between the high voltage feed and the anode. The energy channels (streamer) were 

distributed on the upper hemisphere in the manner shown in figure (6.7). The usage of planar 

or sharp edged connectors would have led to a quick oxidation of the conducting ends and 

reduce, consequently, the energy transport efficiency. The spark gap energy analysis revealed 

a very convenient energy transport, which repeatedly showed an almost constant voltage feed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.7): Energy transport between the high voltage feeding and the anode-sphere. 

 

6.4.2.5 Anode-cathode analysis 
 

For a reliable energy transport between the break contact and the discharge tube, a minimum 

energy transport area in the anode and cathode had to be maintained. When using a point 

transport channel, single plasma filaments would evolve. This plasma phenomenon is not 

only incompatible with the ionospheric plasma nature but also would complicate the plasma 

analysis. 
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Therefore brass-caps (65% copper and 35% Zink) were used for the anode and cathode with 

25 mm radius and 5 mm thickness as shown in figure (6.8). The radius was selected to drive 

the building of plasma in the best possible form. Additionally, by increasing the cap’s area, 

the development points of plasma streamers increased. 

 

 
 

 

 

 

 

 

 

 

 

Figure (6.8): The brass sphere used for the anode and cathode. 
 

The brass-caps had to be thick enough to assure, to the possible extent, a regular overall 

electrical feed into the discharge tube. The geometry of thin caps would be quickly changed 

as a result of the intensive electron and ion bombardment. The production rate of secondary 

electron emissions would be also variable and would lead to a continuously varying 

distribution of the electric field. 
 

6.4.2.6 The input electrodes 
 

The discharge tube was equipped with two rows with 7 electrodes in each row. The electrode 

rows were inserted on the upper and lower sides of the tube i.e. in the z direction. The 

distance between the electrodes was selected to be 70 mm to avoid inter-electrode capacitive 

influences when injecting signals into the plasma and, simultaneously, to have a good spatial 

coverage when monitoring the distribution of the plasma electrical parameters. The electrodes 

are physically metal pins of 60 mm length and 0.705 mm radius and have a permeability 

enabling the injection of HF signal up into the GHz range. 
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Figure (6.9): The signal input electrodes. 

 

The radius of the used electrodes has a significant load on the injected signals. As microwave 

signals are applied on the electrodes to investigate the plasma influences, they undergo a first-

stage of resistive and capacitive loads when flowing through the input channel. These loads 

are proportional to the RLC values, which are metal type specific. 

 

6.4.2.7 Earthing problem 

 

The potential distribution inside the plasma tube depends primarily on the existence of a 

single earthing of the plasma chamber. On the cathode side a special high voltage earthing 

feeding (specially designed for the power supply unit) was used to electrically ground the 

whole plasma system to the earth port of the power supply. Directly connecting a probing or 

diagnostic device on one or more of the tube electrodes would not only have led to the device 

damage (in the case that the internal resistance is not big enough to cope the acquired high 

voltage from the plasma) but would have also created a voltage leak channel leading to a 

changed plasma potential distribution and therefore ambiguous measurements. The latter 

effect arises because the plasma electrical system becomes short-circuit at the connection 

node preventing any potential flow to the following components. 
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To overcome this problem with the available equipment, two ways were proposed and 

deployed: 

 

1. Using a pre-measurement resistive bridge between the measurement points and the 

measurement devices. During the initial tests, typical potential values on predefined 

electrode pairs during a “stabilized” plasma were roughly measured with a robust analog 

voltmeter (Brandenburg 2 - 20 kV voltmeter with switchable polarity) and were in the 

magnitude of ~5 kV. By considering the maximum internal resistance of the measuring 

device (in other words the maximum tolerable current) and knowing the approximate 

possible potential peaks to be measured, a simple calculation using the Ohm’s law 

delivered the value of the needed bridge resistance. Typical values of the external 

resistances used ranged between 500 MΩ and 1 GΩ. 

 

2. Conceptualizing the diagnostic experiments without a direct electrical contact or by the 

employment of resistive equipment. 

 

This approach was effectively used for the plasma diagnostic part. Hereby, an optical system, 

microwave system and an inductive coupling were used in a passive manner (for the optical 

and inductive solutions); i.e. probing the plasma after its characteristics without affecting its 

properties, and in an active manner (for the microwave solution), in which microwaves were 

injected in the plasma followed by a spectroscopic analysis. All systems were mounted in a 

complete electrical isolated configuration around the plasma chamber so that no electrical 

coupling in-between was allowed to take place. 

 

The second part of this approach includes the high voltage probes used for the floating 

potential measurements. Despite the fact that the probes were directly connected to the 

electrodes as measurement nodes, they were furnished with internal resistances high enough 

to attenuate the potential values to lower levels that can be tolerated by the oscilloscopes and 

voltmeters used for data measurements. 
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6.4.2.8 The electrical circuit 

 

The central part of the system’s electrical description resides in understanding the electrical 

processes inside the discharge tube. High-resolution analysis of the discharge pulses using a 

LeCroy serial data analyzer (SDA 8 Zi-A), capable of 120 GS/second, revealed an RLC-

oscillator-like behaviour. As the current feed is turned on, the electrons are transported to the 

anode through the break contact and become then transported to the cathode creating the 

discharge current, i.e. the charging current. During this process the discharge tube behaving 

like a “capacitor” becomes charged. In the classical capacitor terminology, the longer the 

charge process is, the smaller becomes the charging current. As the current decays, the 

voltage increases towards its maximum. 
 

  
 

Figure (6.10): Capacitor charge (left) - discharge (right) phase in terms of voltage and 

current. 

 

Subsequently, the discharge tube operates as a power supply with a low internal resistance. 

The voltage decays from its maximum to null in the discharge phase, like the current, which 

flows in the opposite direction to the original charging current. When the current reaches zero, 

the capacitor is fully discharged. The charge or discharge process - by typical capacitors - 

lasts 5 time constants τ, where τ depends only on the resistance loading on the capacitor and 

the capacitance. After 5 τ the capacitor is said to be fully charged (reaching 99.31% of the 

applied voltage) or fully discharged (0.007% of the applied voltage). Worth mentioning here, 

is that τ does not depend on the charging voltage. 
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17 ns 187 ns 

𝜏𝜏 = 𝑅𝑅.𝐶𝐶 Eq.(6.3) 
 

During every time constant, the capacitor charges or discharges to 63% of the applied 

charging voltage or the charged voltage. The relationship between the applied voltage 

(source) and the capacitor’s voltage is given by 

 

𝑉𝑉𝑐𝑐 = 𝑉𝑉𝑐𝑐(1 − 𝑒𝑒−𝜕𝜕/𝜏𝜏)     Eq.(6.4) 

where 

𝑉𝑉𝑐𝑐  is the capacitor’s voltage. 

𝑉𝑉𝑐𝑐 is the applied source voltage. 

𝜕𝜕 elapsed time since the source voltage was applied. 

𝜏𝜏 is the time constant of the RC circuit. 

 

Figure (6.11) shows one charge-discharge sequence of the plasma tube taken on the 12th of 

August 2013. 

 

 

 

 

Figure (6.11): A single discharge pulse. 

 

The total charge-discharge sequence had a lifetime of 204 nanoseconds. A single charging 

process lasts for 17 ns, whereas a single discharge process lasts for 187 ns. According to the 

simplified capacitor model of the discharge tube, the time constant for the charging phase 
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should be 3.4 ns. Whereas for the real single discharge phase this would be 36.4 ns meaning 

that the capacitor discharging process lasts exactly 11 times the capacitor charging process. 

 

Discharge-pulse analysis (underdamped oscillator) 

 

As seen in figure (6.11), the measured voltage decays from its peak by a damping factor in an 

exponential manner. A generalized form of the voltage decay in an RLC-oscillator is given by 

 

𝑣𝑣𝑐𝑐(𝜕𝜕) = 𝑣𝑣0𝑒𝑒−𝑚𝑚𝜕𝜕 cos (𝜔𝜔𝜕𝜕 + 𝑐𝑐) Eq.(6.5) 

where 𝑚𝑚 = 𝑅𝑅
2𝐿𝐿. 

 

The RLC-oscillator response owns a cosine wave form with an exponential decay envelope. 

This wave behaviour is called underdamped oscillation where the damping coefficient should 

be smaller than the oscillation frequency. Practically, the oscillation should not be expected to 

be strictly periodic. A statistical measure explaining to which degree the model is explaining 

the variation in the original data by squaring the correlation between the response values and 

the predicted response values, is called the R-Square test. The R-Square is defined by the sum 

of squares of the regression (SSR). The SSR correlation evaluation is given by the expression 

 

𝑆𝑆𝑆𝑆𝑅𝑅 = ∑ 𝑤𝑤𝑖𝑖(𝑦𝑦�𝑖𝑖 − 𝑦𝑦�)2𝑙𝑙
𝑖𝑖=1  Eq.(6.6) 

 
The general model adapted for a first rough estimation is given in Eq.(6.7). 

 

𝑣𝑣𝑐𝑐(𝜕𝜕) = 𝑣𝑣0𝑒𝑒−𝑚𝑚𝜕𝜕 𝑐𝑐𝑐𝑐𝑐𝑐(𝑐𝑐𝜕𝜕 − 𝛿𝛿) Eq.(6.7) 
 

The goodness of the fit remark of this model is 0.6497with the following values of the 

coefficients: 

𝑣𝑣0 = 1.1650 v. 

𝜔𝜔=  0.8285 rad/ns. 

𝑐𝑐= -6.2410 rad. 

 

where 𝜔𝜔 is the angular frequency of the damped oscillation or the resonant frequency 

𝜔𝜔 = 0.8285 rad/ns = 0.13186 cycles/ns = 131.86 MHz. 
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The constant 𝑚𝑚 = 𝑅𝑅
2𝐿𝐿 describes the circuit damping constant = 0.021. Numerical calculations 

resulted the following values of R, L and C: 1 kΩ , 42 H and 3.4 pF, respectively. 

Consequently, the discharge mechanism can be roughly modeled as an RLC-oscillator shown 

in figure (6.12). 

 

 
 

Figure (6.12): Electrical circuit of the plasma generating gas discharge as an RLC circuit. 
 

Modelling targeting the best goodness of fit 

 

A curve fitting of the pulse discharge was carried out to estimate the damping parameters. 

Firstly a simple exponential decaying cosines function was fitted to the discharge data, which 

was shifted leftwards to start with an amplitude maximum of the voltage. The two 

exponentially decaying oscillation functions are given by the following generalized forms: 
 

Fitting function Coefficients 
Goodness of fit 

(R-Square) 
 

𝑣𝑣𝑐𝑐(𝜕𝜕) = 𝑚𝑚𝑒𝑒−𝑊𝑊𝜕𝜕 𝑐𝑐𝑐𝑐𝑐𝑐(𝑐𝑐𝜕𝜕 − 𝛿𝛿) 
𝑚𝑚=1.16500 
𝑊𝑊=0.02063 
𝑐𝑐=0.82960 
𝛿𝛿=6.24100 

 
 

0.8276 

 
𝑣𝑣𝑐𝑐(𝜕𝜕) = 𝑒𝑒−𝑊𝑊𝜕𝜕 [c ∗ 𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔1𝜕𝜕 − 𝛿𝛿1) − 𝑒𝑒 ∗ 𝑐𝑐𝑖𝑖𝑙𝑙(𝜔𝜔2𝜕𝜕 − 𝛿𝛿2)] 

 

b=0.02119 
c=0.2445 
𝜔𝜔1=0.2398 
e=1.219 
𝜔𝜔2=0.8287 
δ1=-1.978 
δ2=2.47 

 
 
 

0.8612 
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Figure (6.13): The first estimation of the plasma discharge pulse. 

 

 
 

Figure (6.14): The second estimation of the plasma discharge pulse. 

 

The goodness of fit of the second fitting function using the R-Square approach gives the best 

possible value and hence it represents the best fit.  
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6.5 Plasma diagnostic systems 

 

6.5.1 Introduction 

 

Typical plasma diagnostic techniques aim to measure physical properties and parameters 

characterizing the plasma. These parameters cover in general the temporal and spatial 

distribution of plasma species, the evolving electrical and magnetic field as well as the 

particles’ temperature. In this work 4 different techniques were used to derive as much as 

possible of the plasma characteristic parameters categorized as: active and passive techniques 

depending on the type of their interaction with the plasma medium. The optical and inductive 

systems probe the plasma without being interactively coupled with the plasma. On the other 

hand, the microwave spectroscopic method and the direct measurement of the plasma 

potential interact directly with the plasma leading to a change in the plasma state in a specific 

manner. The employed 4 plasma measurement systems are presented in following sections. 

 

6.5.2 Microwave spectroscopic system 
 

The Microwave spectroscopy is generally used to figure out the molecular composition of the 

gas under inspection based on the molecular rotations triggered by specific photon energies 

which lead to transitions between quantized rotational energy levels. The photon energies 

accompanying microwave radiation fit in the energy range needed to drive such rotational 

transition in molecules with a permanent dipole moment. 

 

To investigate the rotational spectra of the plasma species a microwave probing system was 

built based on the flow diagram shown in figure (6.15). The energy injection, as continuous 

sequence over the pre-selected frequency range (2-18 GHz), was realized by a dish antenna as 

a transmitter antenna on one side of the plasma tube, which was faced by a receiver antenna 

of identical structure. The received signal was then fed into a network analyzer 

(Wiltron560A), where it was displayed in combination with the original transmitter signal, as 

a reference signal, for a better spectrum analysis. The sweep signal division was 

accomplished by a power splitter (HP 11667A), which was mounted on the sweep oscillator 

output and delivered the additional reference signal to the network analyzer.  
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Figure (6.15): Flow diagram of the microwave measurement. 
 

The obtained absorption spectra were searched for possible high peaks resulting from excited 

ions or ionized gas species. Simultaneously, both signal spectra were fed into a high-end 

digital oscilloscope (LeCroy WaveRunner 44Xi) where spectrum acquisition was done 

digitally. To achieve a comprehensive overview of the plasma population, before the gas 

discharge, during stabilizing the plasma, after plasma stabilization and while plasma decay, a 

continuous microwave signal was applied.  

Sweep signals 
(2-18GHz) 

Analog network analyzer 
swept signals + 

absorption spectra 

Digital oscilloscope 
swept signals + 

absorption spectra 

Signal transmission in the 
discharge tube 

 Transmitter 

 Receiver

 



 128 

 

 

1:  LeCroy WaveRunner 44Xi digital oscilloscope (received spectrum). 
2:  HP sweep oscillator 8620 C. 
3:  HP RF-plugin 86290A (2-18 GHz). 
4:  HP power splitter. 
5:  Transmitter antenna. 
6:  Receiver antenna. 
7:  Wiltron network analyzer 560A (double spectra display). 

 

Figure (6.16): Sketch of the experimental setup of the microwave diagnostic system. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.17): Microwave system with 

dish antenna type 1. 

 

Figure (6.18): Microwave system with 

dish antenna type 2. 
 

  

A 
B 
C 

1 

2 
3 

4 

5 6 

7 



 129 

The operational settings for the sweep oscillator were 

 

Frequency Range 2 GHz - 18 GHz 
Sweep Full sweep 
Marker Intern 
Trigger Auto 
Sweep-Time 0.01 sec 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure (6.19): Plasma microwave response in the frequency sweep range 2-18 GHz.  
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Typical absorption lines, as shown in figure (6.19) are listed in table (6.3). 

 

Absorption Line Frequency (GHz) 
1 4.4503 
2 5.4121 
3 6.1220 
4 6.3281 
5 6.4044 
6 8.0456 
7 8.6181 
8 9.3967 
9 10.1066 
10 12.1676 
11 13.6561 
12 14.3889 
13 15.3736 
14 15.9919 
15 16.5873 
16 16.2743 

 

Table (6.3): The characteristic lines of a typical microwave spectrum. 

 

Unfortunately, the results of the conducted microwave spectroscopic measurements revealed 

to be unreliable due to the unsuitable antenna characteristics and the severe influences of the 

break contact, which principally affected the registered spectra. The microwave spectra 

exhibited 2 major bands: 2 - 3.28 GHz and 3.28 - 3.38 which are proposed to belong to the 

system’s passband including frequencies which are received without being attenuated. The 

narrow band at 5.78 GHz is proposed to be a resonance of the used antennas. The 

characteristic lines listed in table (6.3) are most probably noise. Consequently no molecular 

spectroscopic information could be gained and the plasma diagnostic efforts were focused on 

the other methods addressed in the following. 

 

6.5.3 Optical system 
 

The optical approach was intensively used as a species detection technique to compensate the 

lack of diagnostic results of the microwave technique investigating possible plasma atomic 
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and molecular spectra. The employed setup for the emission plasma diagnostic is shown in 

figure (6.21). 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.20): Flow diagram of the optical diagnostic system. 

 

The system is composed of a light detector capable of signal acquisition in the spectral range 

between 200 and 1200 nm. This range covers not only the visible light region (400 - 700 nm) 

of the electromagnetic spectrum, but also extends to the (near Infrared and UV). On the top of 

the light detector a cosine corrector was placed to gather and quantify light coming from 180 

degrees of view. The detected signal is transported over a light-detector and is finally 

processed and displayed digitally by a computer software with a spectral resolution < 5 nm. 

 

The CCD 13 -imaging sensor was placed on an isolated barrel base in an approximate 

displacement of 300 mm to the discharge tube. In contrary, the wideband spectrometer was 

placed with the full stretch of the fiber optic cable to minimize the effects of the evolving 

electrical and magnetic fields which evolved with the plasma generation. Experimentally, the 

best straight-line distance between the discharge tube and the wide band spectrometer, at 

which the wide band spectrometer functionality was not influenced, was found to be 1.2 m. 

This distance was maintained during the experiments.  

                                                 
13 Based on the charge-coupled-device digital imaging technology. 

Emission spectra by 
atom excitation and 

ionization 

Computer-aided spectrum 
analysis tool 

 Spectrometer 
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1: Cosine corrected adapter. 
2: Photo-detector. 
3: Fiber optic cable (Length 1.5 m). 
4: Wideband spectrometer (ASEQ LR1). 
5: USB-2 cable. 
6: Spectrum storage and analysis software (ASEQ Spectra). 

 

Figure (6.21): Sketch of the experimental setup of the optical diagnostic system. 

 

Weight 430 grams 
Dimensions 102 mm x 84 mm x 59 mm 
Detector Toshiba TCD1304AP linear array 
Detector range 200 - 1100 nm 
Pixels 3648 
Pixel size 8 um x 200 um 
Pixel well depth 100,000 electrons 
Signal-to-noise ratio 300:1 
A/D resolution 14 bit 
Fiber optic 
connector 

SMA 905 to 0.22 numerical aperture 
single-strand optical fiber 

Exposure time 2.5 ms - 10 s 
CCD reading time 14 ms 
Power consumption 200mA @ 5V from USB interface 
Data transfer speed 200 ms / 100 ms (2 points binding) 

 

Table (6.4): Specifications of the wideband spectrometer. 
 

The operational settings of the spectrometer during the experiments are shown in table (6.5) 

and the technical specifications in table (6.4).  
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Mode Fast Mode 
Exposure time 11.9 ms 
Number of scans 5 
Averaging ON 

 

Table (6.5): Operational settings of the wideband spectrometer. 

 

The spectrometer has been calibrated with the recommended values of the calibration 

coefficients A, B and C. The calibration was based on the 3rd order polynomial approximation 

given by 

 

𝜆𝜆 = 𝐴𝐴𝑚𝑚2 + 𝐵𝐵𝑚𝑚 + 𝐶𝐶 Eq.(6.8) 
 

where 𝑚𝑚 is the CCD-pixel number. The detailed analysis of the optical spectroscopy is given 

in chapter (7). 

 

6.5.4    Electrical systems 

 

6.5.4.1 Rogowski coils 

 

To test the applicability on the plasma tube, modified Rogowski (air) coils were firstly 

mounted on a small discharge tube to investigate the evolving plasma currents. An overview 

of this configuration is shown in figure (6.22). 

 

After the evacuation of the discharge tube and the adjustment of the supplied voltage and the 

displacement of the break contact, a plasma is created as a glow discharge. The air coils were 

used to measure the flowing plasma currents as their induced voltage is forwarded to the 

digital oscilloscope for signal analysis. A detailed overview of the conducted measurement 

with the Rogowski coil and their results can be found in [6.4]. 
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1. Leybold high voltage power supply (10 kV). 
2. Adjustable break-contact. 
3. Movable anode. 
4. Modified Rogowski coils. 
5. Movable cathode. 
6. Digital multimeter Voltcraft (VC840). 
7. High voltage probes (100 MΩ) with connected earth. 
8. Galaxair 2-stage vacuum pump (2VP-71). 
9. Tektronix TDS 340: 2 channel digital real-time oscilloscope. 

 

Figure (6.22): System sketch of the modified Rogowski coils configuration. 

 

6.5.4.2 High voltage probes 

 

Voltage probes can be categorized into active and passive probes. As the name states, passive 

probes are constructed merely of passive electric elements like, wires, resistors and capacitors 

and contain no active elements like transistors or amplifiers. Passive probes come in different 

attenuation scales and voltage ranges, where the most spread and used form is the 10x version. 

Beside the simple-formed probes with one attenuation level, switchable probes (ex. 1x/10x) 

provide more operational flexibility on one side but do not provide an optimal probe-scope 

matching on the other side, due to the existence of 2 probes inside with different band widths, 

attenuations and impedances. Typical bandwidths of the passive probes lie between 100 and 

500 MHz, whereas for 50 Ω environments special categories of passive probes exist, which 

have bandwidths of several GHz and fast rise times of 100 psec.  
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In the contrary, active voltage probes employ active components like transistors, which 

exhibits desirable low or even ultra-low capacitance (between few picoFarad to less than one 

picoFarad). This low capacitance is translated in high capacitive reactance of the probe, which 

in turn, represents the input impedance of the probe. This low loading effect allows the 

measurements over a broader frequency range (typically 500 MHz ->4 GHz). An essential 

difference against the passive probes is the dynamic range. Typical dynamic ranges of active 

probes lie between ±0.6 V and ±10 V, whereas passive probes are capable of measuring 

wider voltage levels (from mV to several thousands of Volts). 

 

As a rule of thumb, to achieve accurate amplitude measurements, the bandwidth of the 

employed oscilloscope should be 5 times bigger than the frequency of the signal to be 

measured. A direct bandwidth relationship between the bandwidth of the probe and the 

bandwidth of the oscilloscope holds. Similarly, the signal rise 𝑇𝑇𝑟𝑟  or fall time 𝑇𝑇𝑓𝑓  is an 

important design or decision criterion for selecting probes and oscilloscopes. Reflecting the 

upper safety voltage limit, the dynamic range of probes varies for passive probes from 

hundreds to thousands of volts, whereas for active probes this specification is in the 

magnitude of tens of volts. The dynamic range of the oscilloscope can be shifted or in other 

words “extended” to higher voltage levels by using an attenuating probe, as the effective 

dynamic range is multiplied by the attenuating factor of the probe. 

 

In order to develop a signal-equivalence of the test circuitry on the oscilloscope input, the 

probe must draw an electrical current, which can present an additional load on the 

measurement system. This source loading has different influence degrees, depending on the 

magnitude-relationship of the voltages between the circuitry to be measured and the necessary 

drawn current by the probe to enable the measurement. To minimize the loading effect, the 

build-in resistance in the probes has normally big values ranging between MΩ and GΩ. This 

results in very small loading effects, which can be neglected. Another loading effect of more 

importance is the capacitive loading.  
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At low frequencies the probe tip capacitance has a high reactance and consequently a very 

small capacitive loading effect. However, at high frequencies, the capacitive reactance 

decreases and causes capacitive loading on the inspected circuitry.  The major drawback of 

the capacitive loading effect is due to increasing the rising time 𝑇𝑇𝑟𝑟  and reducing the 

bandwidth of the measurement system. 

 

1. Pre-test: differential high voltage probes 

 

Figure (6.23) presents a sketch of the usage of high voltage probes in conducting floating 

potential measurements. 

 

 

 

Figure (6.23): Plasma floating potential measurement with differential probes. 
 

Due to the available high voltage probes the 2-probes solution was employed for the 

monitoring of the plasma potential. The differential probes, which were available to the 

measurement time, had manufacturing-specific RC specifications, which had a direct 

averaging influence on the signal delivered (not quick enough to capture the individual 

discharge sub-processes which were in the magnitude of picoseconds). This is due to the wide 

signal rise time 𝑇𝑇𝑟𝑟  and fall time 𝑇𝑇𝑓𝑓 . The following potential measurements were conducted 

using a 1 GΩ  high voltage probe with an attenuating factor of 1000:1. To analyse the 

attenuation quality of the probe, it was connected to a power supply from one side and to a 

voltmeter from the other side. The voltage range between 0.5 and 10 kV was swept in 0.5 kV 

steps, where the probe revealed a very good linear behaviour. The test results are shown in 

table (6.6) and figure (6.24).  
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Power supply 
(kV) 

Fed voltage by 
the probe (V) 

Power supply 
(kV) 

Fed voltage by 
the probe (V) 

0,50 0,50 5,50 5,52 
1,00 1,02 6,00 5,99 
1,50 1,49 6,50 6,52 
2,00 2,01 7,00 7,01 
2,50 2,50 7,50 7,49 
3,00 3,01 8,00 8,02 
3,50 3,46 8,50 8,47 
4,00 4,01 9,00 9,04 
4,50 4,53 9,50 9,45 
5,00 5,01 10,00 9,97 

 

Table (6.6): Voltage characteristics of the employed probe. 
 

 
Figure (6.24): Voltage characteristics of the employed probe compared to a linear regression 

model. 

 

6.5.4.2.1 Floating potential measurement 
 

A typical glow discharge would exhibit the spatial potential distribution shown in figure (5.2). 

In our case, a series of glow discharge processes evolved in a frequency range between 3 and 

5 kHz (This means that every 0.2-0.3 millisecond a full glow discharge took place). The spark 

gap width (in other words the break contact frequency) depends partially on the physical 

properties of air during the measurement time, which could not be held constant. Monitoring 

the short-time varying potential distribution was realized with the help of high voltage probes. 
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The probes were mounted on a pre-selected electrode pair, which was the second pair from 

the cathode side. The probes had an internal resistivity of 1 GΩ and were connected to a 

voltmeter with an analog display.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.25): The floating potential measurement with high voltage probes. 
 

The evolving plasma potentials were acquired, attenuated by the internal resistance of the 

probes and forwarded to the analog voltmeter. This measurement accompanied almost all 

system runs where typical values of the floating potential at the shown electrode-pair in figure 

(6.25) were ranging between 4 and 7 kV. An additional analog-digital monitoring 

oscilloscope (HAMEG HM-1507) was used to measure the high frequency pulses, which 

accompanied every discharge event. 

 

The initial pulse frequency of the glow discharge was in average of 5 kHz (4.367 kHz in 

figure (6.26)). An interesting observation shown in figure (6.27) was a self-adjustment of the 

break contact frequency without external manipulation. This resulted in a pulse frequency rise 

up to 10.81 kHz. 
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Figure (6.26): Discharge pulse analysis showing the time distribution of discharge pulses 

driving the breakdown as well as the set of sub-pulses evolving afterwards.  
 

 
 

Figure (6.27): Pulse analysis showing a set of sub-pulses continuously triggering the glow 

discharge.  
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Plasma potential distribution 

 

To understand the behaviour of the plasma and gain a deeper look into the processes 

governing it, the plasma potential distribution was of key importance. Hereby a step-based 

measurement scheme across the electrode-pairs was carried out to gain detailed information 

about the evolving potential inside the plasma. 

 

1. Anode’s potential-current measurement 

 

Prior to the plasma potential distribution measurement, the evolving potential on the anode as 

well as the incoming electrical current were measured over time. The setups are shown in 

figure (6.28). The measurements were conducted by incrementing the discharge voltage 

ranging between 6 and 11 kV for the current measurement and between 10 kV and the steady-

state voltage using a 1 GΩ high-voltage probe. 

 

 
 

 
 

Figure (6.28): Measurement of the anode incoming potential and current. 
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𝑉𝑉𝑖𝑖  
𝐼𝐼𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒  𝐼𝐼𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒  𝐼𝐼𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒  𝐼𝐼𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒 𝑚𝑚𝑣𝑣𝑔𝑔  
Run-1 Run-2 Run-3 

6 kV 31.00 𝜇𝜇A 30.00 𝜇𝜇A 30.50 𝜇𝜇A 30.50 𝜇𝜇A 
7 kV 51.00 𝜇𝜇A 48.00 𝜇𝜇A 49.50 𝜇𝜇A 49.50 𝜇𝜇A 
8 kV 60.00 𝜇𝜇A 60.00 𝜇𝜇A 60.00 𝜇𝜇A 60.00 𝜇𝜇A 
9 kV 81.00 𝜇𝜇A 76.00 𝜇𝜇A 68.00 𝜇𝜇A 75.00 𝜇𝜇A 

10 kV 85.00 𝜇𝜇A 86.50 𝜇𝜇A 82.00 𝜇𝜇A 85.00 𝜇𝜇A 
11 kV 110.00 𝜇𝜇A 105.50 𝜇𝜇A 109.00 𝜇𝜇A 106.50 𝜇𝜇A 

 

Table (6.7): Anode incoming current. 

 

An almost linear relationship was observed between the increase in the discharge voltage and 

the increase in the anode current. For the average, the voltage step from 6-7 kV resulted in an 

increase in the anode current of around 19 μA. For the step 7-8 kV an increase of around 10 

𝜇𝜇A was measured. For the rest steps of 9-10 and 10-11 kV the increase in the anode current 

was 10 𝜇𝜇A and 22.5 𝜇𝜇A, respectively. The relationship discharge voltage - anode current is 

shown in figure (6.29). 

 

 

Figure (6.29): Average anode current (𝜇𝜇𝐴𝐴). 

 

In the next step, the anode potential was measured in two phases: firstly the anode charging 

was measured under atmospheric pressure without a plasma (run1) and secondly with a 

plasma (run2 and run3). The spark gap during the measurements was maintained constant by 

1.1 mm. 
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𝑉𝑉𝑖𝑖  
𝑉𝑉𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒  𝑉𝑉𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒  𝑉𝑉𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒  𝑉𝑉𝑚𝑚𝑙𝑙𝑐𝑐𝑑𝑑𝑒𝑒 𝑚𝑚𝑣𝑣𝑔𝑔  
Run-1 Run-2 Run-3 

10 kV 5.60 kV 5.50 kV 5.50 kV 5.53 kV 
11 kV 6.00 kV 6.42 kV 6.50 kV 6.31 kV 

11.2 kV 8.13 kV 8.30 kV 8.40 kV 8.28 kV 
 

Table (6.8): Anode incoming potential. 
 

The anode charging showed a good stable behaviour by increasing discharge voltage over 

several runs. As the discharge voltage was increased from 10 to 11 kV, an increase in the 

anode voltage by around 1.5 kV was observed (with evolved plasma), followed by around 2 

kV increase when reaching the self-sustained discharge state at 11.2 kV. This relationship is 

shown graphically in figure (6.30). 

 

 

Figure (6.30): Average anode voltage (kV). 

 

2. Measurement of the plasma potential distribution  
 

Next a more detailed investigation of the plasma potential distribution will be addressed. In 

this experiment a 1 GΩ high-voltage probe was used to measure at all the seven upper and the 

seven lower electrodes of the discharge tube during an existing plasma using a digital 

voltmeter (Keithley 178) with a ± 0.1 kV precision. The measurements were conducted on 

three different days as given in table (6.9). 
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Thursday 08.05.14 Monday 12.05.14 Thursday 22.05.14 
Elect. Run1 Run2 Run3 AVG Run1 Run2 Run3 AVG Run1 Run2 AVG 

Upper Electrodes 
U1 6,30 6,20 6,40 6,30 6,70 6,70 6,80 6,73 7,55 7,50 7,53 
U2 6,10 5,90 6,20 6,07 6,50 6,50 6,50 6,50 6,82 6,90 6,86 
U3 5,50 5,30 5,50 5,43 5,60 6,00 6,00 5,87 5,85 6,00 5,93 
U4 4,60 4,60 4,60 4,60 4,80 5,00 5,00 4,93 4,90 4,95 4,93 
U5 3,60 3,60 3,70 3,63 3,80 4,00 4,00 3,93 3,80 3,85 3,83 
U6 2,70 2,60 2,70 2,67 2,60 3,00 3,00 2,87 2,60 2,70 2,65 

Lower Electrodes 
L1 6,50 6,30 6,60 6,47 6,50 7,00 6,60 6,70 7,30 7,30 7,30 
L2 6,10 6,10 6,40 6,20 5,80 6,50 6,40 6,23 6,90 6,85 6,88 
L3 5,50 5,50 5,50 5,50 5,20 6,00 5,90 5,70 6,00 5,95 5,98 
L4 4,70 4,60 4,70 4,67 4,60 5,00 4,90 4,83 5,00 4,95 4,98 
L5 3,60 3,50 3,60 3,57 3,60 3,90 3,80 3,77 3,85 3,90 3,88 
L6 2,60 2,40 2,30 2,43 2,80 2,60 2,70 2,70 2,55 2,80 2,68 

 
Dis. V 10.0 9.5 9.5 9.67 10 10 10 10 10 10 10 
Dis. I 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

 

Table (6.9): Measurement of the plasma potential along the upper and lower electrodes of the 

discharge tube given in kV and mA (Dis.V and Dis. I stand for discharge voltage 

and current respectively). 

 

The potential decaying behaviour of the upper and lower electrode pairs is very similar. The 

smallest potential decay (0.031 kV) takes place between the first 2 electrode pairs from the 

anode. Starting from the third electrode pair, the potential decline along the discharge tube 

towards the cathode is nearly of a linear nature. The potential distributions and the maximum 

potential deviations are shown in figure (6.31) and figure (6.32). 
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Figure (6.31): Average floating potential distribution: (a) Upper electrodes (b) Lower 

electrodes. The solid black, blue and red lines represent the measurement 

days 8, 12 and 15 August 2014. The dashed green line stands for the average 

of the 3 measurement sets. 
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Figure (6.32): (a) Potential variation between the upper and lower electrode pairs. (b) Average 

potential distribution along the upper and lower electrode pairs (The blue bars 

are the averaged lower potential and the orange are the averaged upper 

potential). 
 

The maximum potential difference was observed by the first electrode pair from the cathode 

side 0.2 kV whereas the minimum difference was 6 V exactly one the middle pair (number 4 

from both sides). 
 

Averaged plasma potential distribution map 
 

Based on the potential differences between the electrode rows, given in table (6.10), the 

gradient map of the overall potential variation in the discharge tube is generated and shown in 

figure (6.33).  
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Avg. upper 
electrodes (kV) 

Avg. lower 
electrodes (kV) 

6,85 6,82 
6,48 6,44 
5,74 5,73 
4,82 4,83 
3,80 3,74 
2,73 2,60 
1,79 1,59 

 

Table (6.10): Averaged plasma potentials along the upper and lower electrodes of the 

discharge tube. 
 
The outer values represent the measured potentials on the electrodes and the inner values 

represent the potential difference between each successive pair of electrodes, both in kV. 

 

 

 

 

Figure (6.33): Averaged potential distribution along the upper and lower electrode pairs in kV. 

 

3. Measurement of the plasma potential variation on a pre-selected electrode pair 

 

As a case study the 7th electrode pair was selected to investigate the potential variation 

between its upper and lower electrodes during a burning plasma. For this goal, a high voltage 

probe with a voltmeter was again employed under the same plasma generation conditions 

(discharge voltage = 10 kV and discharge current = 0.5 mA). 8 different runs were conducted, 

whose results are shown in table (6.11) and figure (6.34). 

  

8.28kV   6.85kV      6.48kV           5.74kV           4.82kV          3.80kV      2.73kV           1.79kV     0 
1.43 0.37 0.74 0.92 1.20 1.07 0.94 1.79 

1.46 0.38 0.71 0.90 1.09 1.14 1.01 1.59 

 8.28kV   6.82kV      6.44kV          5.73kV          4.83kV          3.74kV      2.60kV            1.59kV     0 
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Upper-7 Lower-7 
1.48 kV 1.65 kV 
1.72 kV 1.60 kV 
1.90 kV 1.95 kV 
1.92 kV 1.62 kV 
1.70 kV 1.62 kV 
2.10 kV 1.52 kV 
2.05 kV 1.54 kV 
2.05 kV 1.58 kV 

Average 
1.87 kV 1.64 kV 

 

Table (6.11): Potential variation of the 7th electrode pair. 

 

 
Figure (6.34): Potential variation of the upper and lower 7th electrode (22.05.14). 

 

The potential variation of the upper electrode against the average value had a minimum of 

0.03 kV and a maximum of 0.39 kV, whereas the lower electrode had 0.01 kV as a minimum 

and 0.31 kV as a maximum. Despite the fact that the rate of gas discharge is much faster than 

rise time of the high voltage probes but underneath the triggering time of the voltmeter, the 

averaged measurements here are still near the averaged values of the last section, taken over 

three different days. The deviations in the potential values are directly related to the electrical 

turbulences inside the discharge tube, so that a single potential measurement at one node 

would not be reliable enough for precise measurements. Therefore it is very important to 

average the electrical parameters over many runs and only then an order of magnitude can be 

specified.  
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6.5.4.2.2 Helmholtz-configuration for plasma currents (inductive solution) 

 

The electrical currents flowing inside the discharge tube represent a characterizing physical 

quantity of the generated plasma. For sensing the plasma currents, a configuration of 3 

Helmholtz coils was constructed in a way enabling the acquisition of plasma currents in a 

three dimensional manner. This inductive solution does not affect the plasma state and is 

classified therefore as a passive approach. In the following an overview of the system is given. 

Starting with a short overview of the physical principles governing the operation, the usage of 

the coils as detectors, the design and operational considerations and then the measurement 

results will be addressed. 

 

Physical background 
 

Typically, Helmholtz coils and their arrangements are used to generate a homogeneous 

magnetic field in the volume confined by the coils. Practically, the generated magnetic field is 

not 100% homogeneous but exhibits a very good homogeneity at the centre of the confined 

volume with some deviations in the boundary regions. The generation of such a magnetic 

field requires the equality between the coils’ distance and the radius of the individual coils. 

 

Biot-Savart law 

 

 

 

 

 

 

 

Figure (6.35): Biot-Savart law. 

 

An electrical current of strength I flowing in a conductor length unit (∆li�⃗ ) generates a 

magnetic field of a flux density (∆B��⃗ i) at point P, which is displaced by ri��⃗  from the reference 

point (𝑅𝑅), equals to  

p 

∆𝑙𝑙𝑖𝑖��⃗  

 𝑟𝑟𝑖𝑖���⃗  

𝐼𝐼 

∆𝐵𝐵�⃗ 𝒊𝒊 
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∆𝐵𝐵�⃗ 𝒊𝒊 =
𝜇𝜇𝑐𝑐𝐼𝐼

4𝜋𝜋𝑟𝑟𝑖𝑖3
∙ ∆𝑙𝑙𝑖𝑖��⃗  × 𝑟𝑟𝑖𝑖��⃗  Eq.(6.9) 

 

The magnetic field flux given by Eq.(6.6) represents only the partial flux generated by the 

unit length. The direction of ∆𝐵𝐵�⃗ 𝑖𝑖  does not necessarily lie in the direction of the whole 

resulting magnetic field at point P. The final magnetic field direction can be specified by the 

resulting direction of the vector summation of all partial  ∆𝐵𝐵�⃗ 𝑖𝑖’s all over the conductor, i.e. 

𝐵𝐵�⃗ = ∑ ∆𝐵𝐵�⃗ 𝑖𝑖𝑖𝑖 . 
 

Biot-Savart law for a ring-formed coil 

 

The amplitude of the magnetic flux density on the axis of a ring-coil is given by 
 

𝐵𝐵 =
𝜇𝜇𝑐𝑐𝑙𝑙𝐼𝐼.𝑅𝑅

2

2𝑟𝑟3  Eq.(6.10) 

where 

𝜇𝜇𝑐𝑐  is the permitivity of free space. 

𝑙𝑙  is the number of the coil-turns. 

𝑟𝑟  is the displacement between the measurement point P and the conductor. 

R  is the radius of the coil. 

I   is the current strength. 

 

 

Biot-Savart law for a HH-coil pair 
 

Based on the previous calculation, the magnetic flux density on the axis of a two axial 

Helmholtz coil can be calculated as the superposition of the magnetic flux densities of the 

individual coils. To simplify the calculation, the coil-to-coil distance equals the radius of each 

coil. This results in a very good homogeneity of the magnetic field at the middle of the 

common axis, whereas small deviations exist toward the boundaries of the confined volume 

by the coils construction.  
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Calculation of B at the middle point  
 

Substituting 𝑟𝑟 by 𝑟𝑟𝑀𝑀  (𝑅𝑅.�5
4� ) in Eq.(6.9), the magnetic flux density in the middle of the coil 

pair is given by 

𝐵𝐵𝐻𝐻 = 0.7155 
𝜇𝜇𝑐𝑐 ∙ 𝑙𝑙 ∙ 𝐼𝐼

𝑅𝑅  Eq.(6.8) 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.36): Magnetic flux density in the middle of a ring-coil pair. 

 

As seen in Eq.(6.10) the magnetic flux in the middle of the coils depends primarily on the 

radius of the coils, the number of turns and the electrical current. 
 

The HH-coils arrangement 
 

Since circulating plasma currents are varying in time, producing also varying magnetic fluxes 

which, in turn, lead to the induction of an electrical field (according to the Maxwell-Faraday 

equation: ∇ × 𝐸𝐸 = −𝜕𝜕𝐵𝐵
𝜕𝜕𝜕𝜕 ). This basic principle was used to study the evolving plasma currents. 

 

 

Figure (6.37): The Relationship between the induced voltage, the magnetic field and the 

current.  
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The coil configuration consists of three coil pairs, which were mounted perpendicularly to 

each other to achieve a three dimensional current sensing. The directions of the coils were 

adjusted with respect to the discharge tube. 

 

Initially, the longitudinal direction of the tube was defined as the X direction. The Y direction 

was defined as the cross-sectional direction running inside the tube from the side and stands 

perpendicularly to the Y direction. Finally the Z direction is perpendicular to both X and Y 

directions. A sketch of the coil pairs with their dimensions and distances with respect to each 

other is shown in figure (6.38). The dimensions and the distances are shown in table (6.12). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.38): Helmholtz coils configuration. 

 

Direction Coil Radius (Ri) Coils Displacement (Di) 
Y 25.8 cm 26.4 cm 
X 15.5 cm 12.5 cm 
Z 15.5 cm 35.6 cm 

 

Table (6.12): Dimensions of the Helmholtz coils configuration. 

 

The induced voltage in the coils in each direction results from current flowing perpendicularly 

to the surface confined by each coil (in parallel to the pair direction). In this manner, all 

turbulent current components in the X, Y and Z direction can be acquired. As shown in figure 
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(6.38) currents and current components lying in the x direction are acquired by the coil pair in 

x direction. The same holds for currents and current components in the y and z directions. 

 

The coil pairs are mounted using supporting metal rods which are isolated from the coils so 

that no electrical interferences or capacitive effects evolve when the coils are in operation. 

The coils can be fed with electrical currents to generate a magnetic field in the tube volume 

but at this stage of the development, no signals were injected. The configuration was 

connected to a high-end digital oscilloscope (LeCroy WaveRunner 104Xi 1 GHz) where the 

response of each coil pair was separately acquired and displayed in an octal split-screen 

display. 

 

The wiring was realized using BNC cables where the serially connected coils of each pair 

where driven to a 50 Ohm channel on the oscilloscope. The RLC measurements of every coil 

pair in x, y and z direction at 120 Hz frequency revealed the results shown in table (6.13). 

 

Direction 
Resistance 

(Ohm) 
Inductance 

(mH) 
Capacitance 

(μF) 

X 2.316 19.225 86.27 
Y 1.828 1.590 1055.5 
Z 2.504 16.180 96.625 

 

Table (6.13): RLC measurement of the Helmholtz coils configuration (average values of 3 

measurements). 

 

The used testing cables had beside very small capacitive values, which are out of the 

sensitivity range of the digital multimeter used, 4 μH inductance and 0.038 Ohm resistance 

(typical capacitance of a BNC RG58 amounts to 100 pF/m). To facilitate the signal analysis, 

fast Fourier transformations of the signals of all coil pairs were digitally calculated and 

displayed simultaneously on the octal split-screen.  
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Figure (6.39): 3D plasma current probing using the Helmholtz coil configuration. 
 

Theoretical calculation of the plasma resonance frequency 
 

According to the calculation scheme of the plasma resonance frequency given in table (6.14), 

the following constants are required: 
 

• Elementary charge of electron: 𝑒𝑒 = 1.60217657 x 10-19 C. 

• Electron mass: 𝑚𝑚𝑒𝑒  = 9.10938291 x 10-31 kg. 

• Vacuum permittivity: 𝜀𝜀0 = 8.854 x 10-12 F/m. 

• Length of the discharge tube 𝐿𝐿 = 0.750 m. 

• Radius of the discharge tube 𝑅𝑅 = 0.075 m. 

• Volume of the discharge tube V = 0.013254 m3. 

• The discharge voltage 𝑉𝑉𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒  and the discharge current  𝐼𝐼𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐 ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒 . 

 

Step Target Formula 

1. Calculation of the electron velocity (m/s) 
𝐸𝐸𝑘𝑘𝑖𝑖𝑙𝑙𝑒𝑒𝜕𝜕𝑖𝑖𝑐𝑐 = 1

2
𝑚𝑚𝑣𝑣2  

𝑣𝑣 = �
2 𝑒𝑒 𝑉𝑉𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐 ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒

𝑚𝑚𝑒𝑒
  

2. Calculation of the electron travel time (s) 𝜕𝜕 =
𝐿𝐿
𝑣𝑣

 

3. Calculation of the electrical current strength (C) 
𝐼𝐼𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒 = 𝑞𝑞

𝜕𝜕
  

𝑞𝑞 = 𝐼𝐼𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒 ∗ 𝜕𝜕  

4. Calculation of the electron density (e/m3) 𝑙𝑙𝑒𝑒 =
𝑞𝑞𝑒𝑒
𝑉𝑉
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5. Calculation of the plasma frequency (Hz) 𝜔𝜔𝑚𝑚 =
�𝑙𝑙𝑒𝑒𝑒𝑒2

𝑚𝑚𝑒𝑒𝜀𝜀0
2𝜋𝜋

�
 

 

Table (6.14): The calculation scheme of the plasma resonance frequency. 

 

The calculated plasma frequency for a different combination of the discharge voltage and 

current is given in table (6.15). 

 

Discharge 
voltage kV 

Discharge 
current mA 

Electron 
density e / m3 

Plasma 
frequency kHz 

10.0 
0.50 2.982 x 109 490.015 
0.55 3.280 x 109 513.932 
0.60 3.579 x 109 536.785 

10.5 
0.50 2.910 x 109 484.074 
0.55 3.201 x 109 506.702 
0.60 3.492 x 109 530.277 

11.0 
0.50 2.843 x 109 478.477 
0.55 3.128 x 109 501.831 
0.60 3.412 x 109 524.146 

11.5 
0.50 2.781 x 109 473.189 
0.55 3.059 x 109 496.285 
0.60 3.337 x 109 518.353 

12.0 
0.50 2.722 x 109 468.181 
0.55 2.995 x 109 491.033 
0.60 3.267 x 109 512.867 

12.5 
0.50 2.667 x 109 463.428 
0.55 2.934 x 109 486.047 
0.60 3.201 x 109 506.660 

 

Table (6.15): The plasma frequency and electron density for different combinations of the 

discharge voltage and current. 

 

A direct proportionality between the discharge current and the electron density with a 

constant discharge voltage can be seen by a quick comparison of the respective values within 

one discharge voltage block. Consequently there exists also a proportional relationship 

between the discharge current and the plasma frequency. The other aspect is the inverse 
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proportionality between the discharge voltage and the electron density, and consequently to 

the plasma frequency, by a constant discharge current. This is gained when considering the 

electron density and the plasma frequency values for the same discharge current but with 

increasing discharge voltage. These relationships are shown graphically in figure (6.40). 

 
Figure (6.40): The relationship between the discharge current, discharge voltage and plasma 

frequency. 
 

The following relationship holds for the plasma resonance frequency as well as for the 

electron density 

𝜔𝜔𝑚𝑚  ∝  𝑙𝑙𝑒𝑒 ∝  𝐼𝐼𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐 ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒  

𝜔𝜔𝑚𝑚  ∝  𝑙𝑙𝑒𝑒   
1
∝  𝑉𝑉𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐ℎ𝑚𝑚𝑟𝑟𝑔𝑔𝑒𝑒  

 

Calculating the induced currents based on the single pulse modelling 
 

As stated in section (6.4.2.8), one of the fitting models for the a single discharge pulse was 

found to be 

𝑣𝑣𝑐𝑐(𝜕𝜕) = 𝑚𝑚𝑒𝑒−𝑊𝑊𝜕𝜕 𝑐𝑐𝑐𝑐𝑐𝑐(𝑐𝑐𝜕𝜕 − 𝛿𝛿) 

 

and consequently 

𝐼𝐼𝑐𝑐(𝜕𝜕) = 𝑚𝑚𝑒𝑒−𝑊𝑊𝜕𝜕 cos(𝑐𝑐𝜕𝜕 − 𝛿𝛿)/𝑟𝑟 

 

This model will be used to derive the magnetic flux as a first approximation. 
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Φ(𝜕𝜕) =  
𝑚𝑚.𝑒𝑒−𝑊𝑊𝜕𝜕( 𝑐𝑐 𝑐𝑐𝑖𝑖𝑙𝑙�𝑐𝑐𝜕𝜕−𝛿𝛿�− 𝑊𝑊

𝑐𝑐2 cos�𝑐𝑐𝜕𝜕−𝛿𝛿� )

(1+𝑊𝑊2𝑚𝑚
𝑐𝑐2  )

 Eq.(6.11) 

 

where 𝑚𝑚=1.165, 𝑊𝑊=0.02063, 𝑐𝑐=0.8296, 𝛿𝛿=6.241 and r=6 Ω (average resistance of a Helmholtz 

coil pair). 

 

 

 

 

Figure (6.41): Modelling the discharge potential and the resulting magnetic flux. The red 

graph depicts the discharge voltage and the blue graph shows the calculated 

magnetic flux. 
 

The magnetic flux due to the variable plasma currents owns a similar decaying exponential-

sinusoidal behaviour with a proceeding phase shift of 90 degrees. The induced current in the 

coils is shown in figure (6.42). The explanation of the overlapping discharges in the time 

domain (figure (6.43)) can be led back to the varying break contact frequency leading to the 

initialization of a new discharge while the previous one did not fully decay. 
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Figure (6.42): The modelled induced current in the Helmholtz coils. 

 

 

 
 

Figure (6.43): Overlapping discharge pulses (measured on the 18th of August 2012). 

 

The magnetic flux, the variable current and the induced voltage in the coils are shown in 

figure (6.44). 
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Figure (6.44): The red graph shows the discharge voltage. The blue graph shows the 

calculated magnetic flux. The green graph shows the calculated resulting 

current (The current is fully in phase with the voltage). 
 

Analysis of the plasma resonance measurement via Helmholtz coils 
 

1. Analysis of the quiet phase 
 

The initial induced voltages in the measurement chamber were registered with the system’s 

final constellation. These induced voltages in this phase included all electrical fields existing 

in the laboratory for which the coils were sensitive enough to measure, which are shown in 

figure (6.45). The three plots on the left hand side represent the coils response (X, Y and Z 

directions respectively) in the time domain, whereas the three plots on the right hand side 

represent the responses in the frequency domain using Fourier transformation between 0 and 

100 MHz. The measurements were conducted using a LeCroy WaveRunner 104Xi. 
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Figure (6.45): Coils response of the Helmholtz configuration without plasma (08.08.2012). 
 

Peak Frequency (MHz) 
1 10.6319 
2 20.8709 
3 31.5866 
4 41.6874 
5 52.1408 
6 62.6949 
7 72.8577 
8 83.1417 

 

Table (6.16): Registered frequency peaks in the plasma quiet-phase. 

 

The average span between the peaks of the quiet phase is 10.3585 MHz. The systematic 

distribution and the linear frequency difference between peaks is an obvious indicator of 

overtones of a fundamental frequency of 10.6319 MHz. The source of this signal was due to 

an operating frequency standard located in the same laboratory. As shown in figure (6.45), the 

coils pair lying in the Z direction had the best electrical sensitivity according to the signal 

strengths (amplitude), followed by the HH-Coils pair in the X direction. Due to the relatively 

big radius as well as the big distances between the coils (table (6.12)), the coils pair in Y 

direction revealed a reduced sensitivity in comparison with the other pairs. This can be clearly 

seen through the almost missing (underneath the noise level) P1, P5 and P7 peaks in the 

frequency response.  
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2. Analysis of a typical plasma case 
 

 
 

Figure (6.46): Coils response of the Helmholtz configuration with the glow discharge. 

 

The frequency resonance occurred as a number of broad bands. Due to the different 

orientation of the coils, different induction values and frequencies were registered, which are 

given in table (6.17). 

 

X-Direction Y-Direction Z-Direction 

Band 
Frequency (MHz) 

Band 
Frequency (MHz) 

Band 
Frequency (MHz) 

Min Max Min Max Min Max 
BX1 30.9582 39.7760 BY1 3.9441 12.7309 BZ1 5.1220 8.8605 
BX2 40.4602 46.1201 BY2 13.1702 18.7903 BZ2 10.1328 12.6485 
BX3 46.1500 49.8484 BY3 31.1175 45.7534 BZ3 15.8058 20.1596 
BX4 62.3100 70.0000 BY4 46.8315 55.8734 BZ4 30.9600 36.9058 

 
BZ5 38.1300 46.7161 
BZ6 46.0745 53.0490 

 

Table (6.17): Resonance frequency bands collected by the Helmholtz coils. 

 

The previously recorded equidistant sharp peaks in the quiet phase remained in the coil 

response with plasma because of the frequency standard. Additionally more frequent 

transients are observed in the time domain featuring a frequency variation between 10, 12.048 

and 20 kHz. These frequencies have a clear relationship to the discharge frequency driven by 
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the break contact and could be therefore ignored. The following possible candidates for the 

plasma resonance frequency were observed: 
 

• Band 1: 4-12 MHz: sensed by the coil-pairs: Y and Z. 

• Band 2: 14-20 MHz: sensed by the coil-pairs: Y and Z. 

• Band 3: 30-40 MHz: sensed by all coil-pairs. 

• Band 4: 40-45 MHz: sensed by all coil-pairs. 
 

Obviously, the resonance bands are not related to the theoretically calculated plasma 

frequencies, since these are by a factor of 10 smaller. It should be mentioned here that the 

theoretical values are related to a single discharge with a constant spark frequency which is 

not the case here. As seen in figure (6.46), the discharge pulses are steadily overlapping with 

variable frequencies, which is probably the reason of this variation. 

 

6.5.5 Plasma stability monitoring 
 

In order to achieve reproducible plasma states and measurement values, an additional 

approach (mechanism) had to be developed to indicate the stability of the plasma state. To 

achieve this, an optical system had been proposed based on discharge tube known as “ring-

shaped” discharge tube which is based on the same physical principle of gas discharge. 

However its spherical shape facilitates the observation of the “homogeneity” of the plasma 

illumination during the glow discharge. The system configuration is shown in figure (6.47). 
 

 

 

 

 

 

 

 

 

 

 

1. High voltage probe (1 Megohm). 
2. Ring-shaped discharge sphere (Leybold 578 41). 

 

Figure (6.47): Optical diagnostic approach for the measurement of plasma stability.  

1 

2 
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Figure (6.48): Ring-shaped discharge tube for the plasma stability measurement. 
 

The plasma current is driven from the lower 4th electrode and fed to the four ring coils 

surrounding the discharge glass. Free electrons existing inside the glass become accelerated 

following the direction of the input current. As The result of the collision between the 

electrons and the neon and helium gas molecules the glass starts to illuminate. Depending on 

the current strength, the glow discharge undergoes different diffusive forms and fillings. The 

illumination strength, observed by naked eye, was used as an accompanying rough indicator 

of the plasma stability over the measurement runs. 

 

6.6 Signal transmission analysis 

 

6.6.1 Experimental setup 
 

To inspect the influence of the plasma on electromagnetic waves propagating through it, a 

new setup was built based on the first draft of the “Ionospektroskop” with various 

modifications. The new setup was especially conceptualized to serve studying the 

transmission budget of microwave signals at specific pre-selected GNSS frequencies 

(particularly GPS-L1). The discharge tube was 100 cm long with 23 cm diameter acrylic glass 

and 1 cm wall thickness. Besides a powerful pumping system, the enclosed volume of 

0.071 m3 demanded the strengthening of the tube caps in order to cope with the applied forces 

when generating the vacuum. This was achieved by attaching two caps of 2 cm and 1 cm on 

both sides, where the anode and cathode brass electrodes were braced on the outer one. 
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Figure (6.49): The discharge tube for transmission measurements. 

 

In order to realize the highest possible shielding against attenuating electromagnetic 

waves from the surroundings, the tube was enveloped with 4 copper stripes, which laid 

strictly on the outer surface of the tube and were electrically short-circuited. The latter 

aspect was important to avoid the generation of electrical potential variations on the 

strips, which could interact with the plasma and alter its state. The signal injection and 

reception was realized by two rows of three wideband antennas mounted on six RF cable 

plugins of type N with an operational frequency band up to 18 GHz and 50 Ω wave 

impedance. The connector rows were fixed in the glass with a male connector on each 

side. The inter-connector distance was selected to be 21 cm, which is slightly higher than 

the wavelength of the L1 signal (approx. 19.03 cm). 

 

 

Figure (6.50): The experimental setup for transmission measurements. 
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The pumping system consisted of two 2-stage pumps (Galaxair 2VP-71) with a theoretical 

maximum achievable pressure of 0.03 mbar. In the practical runs, the maximum pressure 

achieved after 5 minutes of pumping was approximately 10 mbar. The antennas inside the 

discharge tube (PSA-ANT2 wideband antennas) were all placed perpendicular to the direction 

of the discharge tube and slightly tilted toward the cathode except the first left antenna from 

the anode’s side, which was tilted toward the anode. This was intentionally done to measure 

the geometric effect of the antenna’s orientation on the signal reception. 

 

 
 

Figure (6.51): The transmitting and receiving antennas inside the discharge tube. 

 

The plasma generation was achieved by an induction coil capable of voltage supply ranging 

from 10 kV to 100 kV and a current of 2-3 mA. The impulse rate counts to 20 ms 

corresponding to a frequency of 50 Hz (the frequency of the alternating input current). The 

needed voltage and current for supply of the induction coil were 220 V and 0.89 A. 

 

6.6.2 Plasma generation 

 

The generated plasma started by the evolution of burning points on the anode, stretched along 

the tube’s walls and ended at the cathode side as shown in figure (6.52). The near black circle 

represents the cathode and the far one represents the anode. Compared with the plasma 

generated using the first setup, the plasma generated in the present setup had a relatively 

weaker intensity and correspondingly lower electron density. However the same pink 
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discharge color was preserved stating that the same molecular and atomic emission processes, 

which will be discussed in chapter 7, where present. 

 

The generation of a homogenous plasma with the system’s dimensions was a difficult task 

because of the high potential differences along the discharge tube. However, the plasma state 

tended to be more stable in comparison to the plasma streamer state as the discharge voltage 

and current were increased. The plasma state with streamer provided only a partial region, in 

which the middle antennas were located within the plasma. Consequently, the streamer state 

will not be handled in the following investigation as the discussion will be focusing on the 

normal plasma state. 

 

 
 

Figure (6.52): The generated plasma in the discharge tube. 

 

Measuring the plasma current at the cathode as a monitoring indicator of the plasma state was 

carried out according to the sketch shown in figure (6.53). The measured cathode current was 

1.6 mA with a start plasma and increased to 2.1 mA as plasma streamers started to evolve. 

The plasma generation was achieved at a maximum pressure of 10 mbar.  
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Figure (6.53): Measurement of the cathode current. 
 

6.6.3 Galvanic separations 
 

In view of the plasma potential distribution measured on the first setup, electrical potential in 

the magnitude of a few kilovolts existed on the measurement electrodes. This could be 

damaging, when measurement devices such as signal generators or oscilloscopes were 

directly connected to the signal interfaces, as the evolving voltage and current values are far 

beyond the measurement equipment's specified input signal ranges. Consequently, a 

separation mechanism within the electrical network (signal injection, plasma system and 

signal reception stage) had to be implemented. This separation is essential to facilitate the 

signal transmission through the plasma securely. The best practical solution was the usage of 

galvanic separation, in which two antenna systems consisting of two adjusted antennas on 

each side of the transmission line were mounted. The existing air gap between the respective 

sender and receiver provided the intended electrically isolating coupling. This construction is 

shown in figure (6.54). 

 

6.6.4 Preliminary tests 
 

The two major objectives of the first runs were: 

 

• To verify the functionality of the HF signal injection system. 

• To study the influence of the plasma generation method on the signal reception. 
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(a). Galvanic separation: sender (b). Galvanic separation: receiver 

 

Figure (6.54): The antenna configurations. 
 

The system structure and wiring used for the preliminary tests is shown in figure (6.55).  
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure (6.55): System sketch in the first tests. 

 

In order to use a signal with a similar modulation structure as a real-life GPS signal, a𝜋𝜋/4 

DQPSK (Quadrature Phase Shift Keying) digital modulation system was used on an 
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ANRITSU digital modulation signal generator (MG3670B) to inject a modulated signal into 

the discharge tube with a carrier frequency of 15 MHz. The generated signal and the received 

one after propagating through the tube were acquired by a LeCroy oscilloscope (WaveRunner 

44Xi). As shown in figure (6.56), the injected signals were synchronously received with a 

reduced signal strength of 1/20 due to the transmission losses along the transmission path. 

This test was conducted under 10 mbar pressure without plasma. 

 

The influence of plasma on the received signal is shown in figures (6.57) and (6.58). In both 

cases, overlapping disturbances were registered on the sent and received signals. These 

attenuations occurred periodically in chains. This periodicity could be either related to the 

frequency of the major discharge power supply or to an evolving high energy resonance from 

the plasma. The agreement of the measured discharge frequency with the operating frequency 

of the induction coil (50 Hz) confirmed the first assumption. 

 

 

 

Figure (6.56): The 15 MHz input signal (zinc) and the received signal (purple) in low 

pressure without plasma. 

 

When increasing the discharge voltage at the induction coil, plasma streamers were built. 

Hereby, the plasma evolution at the anode and cathode sides was marked by many discharge 

channels (streamers) between the respective electrode and the neighbouring antenna’s pair. 

However, the plasma between the first and last antenna pairs remained stretched along the 

tube’s inner surface. 



 169 

 

 

Figure (6.57): The 15 MHz input signal (zinc) and the received signal (purple) with 

plasma. 

 

 

 

Figure (6.58): The 15 MHz input signal (zinc) and the received signal (purple) with 

plasma streamer. 

 

The disturbances of the induction coil on the injected signals were noticeably narrower than in 

the case of normal plasma as shown in figure (6.58). Using a high voltage probe on the 

second HF connector, two forms of the discharge chains were observed: three pulse groups 

and four pulse groups. The frequency of a single discharge pulse was 309.6 Hz and the pulse-

chain frequency was 50.13 Hz (for the three pulse chains) and 49.63 Hz (for the four pulse 
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chains). These pulse-chain frequencies correlated very well with the operational frequency of 

the used induction coil of 50 Hz. 

 

 

 

 

 

 

Figure (6.59): A series of discharge pulses (3 and 4 pulse chains). 

 

6.6.5 Signal transmission measurements 
 

Instead of the modulated signal injection, a Marconi signal generator (Model: 2024, 9 kHz - 

2.4 GHz with 1 Hz frequency resolution) was used to inject a simple sine signal of 1575.42 

MHz frequency corresponding to GPS-L1 into the second sender antenna to measure the 

transmission loss in the discharge tube. With -10 dBm as a reference power level, -49.9 dBm 

signal strength was received on the opposing antenna as shown in figure (6.60). 
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Beside random frequencies with small amplitudes, the most prominent signal strength in the 

spectrogram was of the injected L1 frequency. The obtained signal level proofed the success 

of the system’s design concept. Additionally, the antennas’ structure and adjustment in both 

galvanic separations revealed to be functioning correctly. Increasing the reference power level 

on the generator to 0 dBm, a series of transient distributions on the received signal were 

registered as shown in figure (6.61). The peak strength of the received signal was -41.4 dBm, 

directly corresponding to the signal attenuation along the complete signal propagation path 

from the generator to the spectrum analyzer. On both sides of the signal maximum almost 

equidistant transients evolved at an average frequency of 1.092 MHz. The registered 

attenuation peaks are shown in table (6.18). 

 

 
 

Figure (6.60): Spectrogram of the signal response of a fed 1575.42 MHz sine signal. 
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Left side peaks (MHz) Right side peaks (MHz) 
1574.99 1575.81 
1574.78 1576.68 
1573.84 1576.86 
1573.78 1577.43 
1573.64 1577.63 
1572.79 1578.47 
1572.57 1578.60 
1571.64 1578.68 
1571.48 1579.58 
1571.31 1579.72 
1571.19 1579.80 

 

Table (6.18): The attenuation peaks resulting from the induction coil registered in the signal 

response. 

 

The next target of this experimental setup was to measure the degree of signal damping in the 

discharge tube without as well as with plasma. The first phase was carried out with a vector 

network analyzer directly connected to sending and receiving antenna configurations and 

sending a test signal with the L1 frequency. The second phase included the employment of a 

GPS antenna and receiver as real-time GPS signals were intended to be used as input signals. 
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Figure (6.61): The signal response of 1575.42 MHz sine signal generated with 0 

dBm. 
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The overall transmission loss registered in these experiments includes the following partial 

losses: 

• Loss due to the wiring between the system components. 

• Loss due to the attenuation of the galvanic isolators (antenna assemblies). 

• Loss of air and plasma attenuation in the discharge tube. 

 

Phase 1: Transmission loss analysis with the vector network analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (6.62): Transmission loss in the galvanic isolators and in the discharge tube using a 

vector network analyzer. 

 

The centre frequency of the vector network analyzer was set to 1575.42 MHz with a span of 1 

MHz. The parameter S21 stands for the power ratio between the sent power of the vector 

network analyzer’s first port (generator) and the received power on its second port. The ideal 

case would reveal a 0 dBm loss, if no signal loss occurs along the propagation path from the 

sender to the receiver. The sent power level was set to 0 dBm and the received power levels 

are given in table (6.19). 

  

R&S VNA 

L1 

L2 L3 L5 L6 L7 

First galvanic isolation 
sender 

Second galvanic 
isolation receiver 

Anode 

Cathode 



 175 

Power level - sent S21 - received Discharge tube state 

0 dBm 
-32.35 dBm at 1000 mbar without plasma 
-33.90 dBm at 10 mbar without plasma 
-32.62 dBm at 10 mbar with plasma  

 

Table (6.19): The transmission loss of the galvanic isolators using a vector network analyzer. 

 

As shown in table (6.19) a minimal improvement in the transmission loss of 1.28 dBm was 

registered due to the existence of plasma compared with the transmission loss at 10 mbar 

pressure. In comparison to the transmission loss at the normal pressure of 1 bar, a negligible 

degradation of the signal permeability with plasma of 0.27 dBm was observed. 

 

Phase 2: Transmission loss analysis using real-time GPS signals. 
 

To study the applicability of the system on signals with similar modulation structure and 

power level as real-life GPS signals, a GPS antenna for marine purposes was attached to a 

Garmin receiver, both functioning as a new signal acquisition and input source. In the reality, 

the GPS signals are transmitted with enough power to have an end of life power on earth of -

160 dBW (-130 dBm). 

 

Therefore, to enhance the signal power level, the received satellite signals were amplified by 

20 dB using a Schwaiger CATV/SAT-IF splitband amplifier (SVN 3445) with 7 dB noise 

figure, fed into the discharge tube over the first galvanic separation and then received by the 

second galvanic separation, amplified again by 20 dB and forwarded to the vector network 

analyzer. The system design is shown in figure (6.63). 

 

To characterize the attenuation nature of the employed building components, the S21 

parameter of the electrical elements along the signal propagation path was measured as shown 

in table (6.20). 
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Figure (6.63): Signal loss analysis using a real-time GPS signals. 

 

Building component Attenuation (dBm) 
T1 (N-Cable) 0.01 
T2 (BNC-Cable) 0.35 
T3(BNC-Cable) 15.03 
G1 (Air) 0.95 
T4 T1 (N-Cable) 0.38 
G2(Air) 1.22 
T5(BNC-Cable) 0.82 
T6(BNC-Cable) 3.73 
T7(BNC-Cable) 1.35 
T8(BNC T-connector) 6.46 
T9(BNC-Cable) 3.35 

 

Table (6.20): The transmission loss of the system’s electrical components. 

 

The amplified input signal has a distinct peak at 1562.5 MHz with power of -114.01 dBm as 

shown in figure (6.64). A shifted signal peak (by 8.8 MHz) was registered at the receiving 

side of the discharge tube at 1.5713 GHz shown in figure (6.65). The big difference in the 

20 dB amplifier LeCroy 

R&S VNA 

G2 

First galvanic isolation 
sender 

Second galvanic 
isolation 

 

Anode 

Cathode 

Garmin 
GPSmap 276C 

20 dB amplifier 

G1 

T3 

T2 

T1 T4 

T5 

T7 
T6 

T8 
T9 

S1 

S2 

S3 

R1 

R2 

R3 

GPS 
antenna 



 177 

power level between the amplified signal driven to the oscilloscope and the end signal at the 

vector network analyzer results from power splitting at the T-connector T8. 
 

 
 

Figure (6.64): The input real-time GPS signal with the splitband amplifier. 

 

 
 

Figure (6.65): Received real-time GPS signal with splitband amplifiers through the 

discharge tube. 
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Using the previous setup, the change in the signal attenuation when propagating through the 

discharge tube with varying pressure was obtained as shown in table (6.21). 

 

Pressure(mbar) Received signal strength Net signal strength14 
500 ~70 dBm 36.35 dBm 
100 ~67 dBm 33.35 dBm 
70 ~68 dBm 34.35 dBm 

50 (with plasma) ~68 dBm 34.35 dBm 
 

Table (6.21): The transmission loss of GPS signals with varying pressures. 

 

Obviously, there was no remarkable change in the signal attenuation with decreasing pressure 

at this frequency. The small variations in the signal strength can be related to a measurement 

bias. Next, the attenuation of free space inside the discharge tube was investigated using all 

possible propagation paths between the HF connectors designated with S1. S2. S3. R1. R2 and 

R3 as given in figure (6.63). The values of the free space loss along these paths are shown in 

figure (6.66) related to a sending power of 1 mW (0 dBm). 

 
Figure (6.66): Transmission loss of all propagation channels inside the discharge tube. 

 

The shortest paths between the senders and the opposite receivers didn’t always possess the 

lowest propagation losses as seen between S2-R1 and S3-R1. Additionally the orientation of S3 

                                                 
14 Net signal strength = received signal strength - total propagation damping (33.65 dBm). 
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had a direct influence on the signal reception (on its maximum by 6.6 dBm). Possible reasons 

for these variations could be: 

• The inhomogeneous pressure distribution inside the discharge tube. 

• Small deviations in the antennas alignment. 

• Differences in the attachments between the antennas and the RF connectors. 

 

To highlight the relationship between the input frequency and the attenuation degree inside 

the discharge tube, varying input frequencies generated with constant input power of -10 dBm 

(0.1 mW) were injected into the first antenna pair from the cathode side. The related readings 

are shown in table (6.22). 
 

Input frequency 
(MHz) 

Attenuation 
(dBm) 

500 100.9 
750 93.3 

1000 88.7 
1250 72.5 
1500 57.9 

1575.42 46.3 
1750 54.2 
2000 53.9 

 

Table (6.22): The transmission loss with a constant pressure and variable frequencies. 

 

Except a minimum in the transmission loss at the L1 frequency, after which the system 

dimensions were optimized, a steady decrease in the attenuation with increasing frequency 

was registered. Using the same setup, the attenuation of L1 frequency was investigated for the 

pressure values: 500, 400, 300, 200, 100 and 50 mbar. The respective loss was almost 

constant (45.2 dBm with a maximal deviation of 0.8 dBm). 
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7 
 

Optical Spectroscopic Diagnostics 
 

 

7.1 Introduction 
 

The interaction between electromagnetic radiation and a gas molecule, in which the 

electromagnetic radiation is considered to be a shower of quantized particles, is characterized 

by the energy transfer. When the propagation medium, in our case the plasma, is considered 

as a system, the energy carried by the absorbed or emitted photon is directly related to the 

total internal energy of the system.  
 

 
 

Figure (7.1): A simplified atomic model for the illustration of photon absorption and emission 

[7.1]. 
 

The internal energy of the system can therefore increase or decrease in an amount equivalent 

to the gained or lost photon energy. The energy transformation can concern one, or more, of 

the following forms:  
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• Translational kinetic energy. 

• Rotational kinetic energy. 

• Vibrational kinetic energy. 

• Energy resulting from the electric charge distribution within a molecule.  

 

The energy storage modes of rotational and vibrational energy are governed by the laws of 

quantum mechanics and are therefore quantized. However, the translational kinetic energy 

storage is unquantized.  Despite different transitions between discrete energy levels, collisions 

between molecules drive a redistribution process of the energy states of molecules leading to 

a local thermodynamic equilibrium (LTE) state, in which the total energy distribution of the 

system can be predictable. In other words, the LTE condition states that for a given gas in any 

given temperature above the absolute zero, a predictable set of molecules in any energy level 

can be found (indirectly a set of allowed transitions: absorption or emission) when keeping a 

macroscopic view of the molecular system. 
 

The change in the overall molecular energy caused by a change in its energy levels can be 

addressed as a sum of energy changes mainly due to rotational, vibrational and electronic 

transitions 

 

∆𝐸𝐸𝜕𝜕𝑐𝑐𝜕𝜕𝑚𝑚𝑙𝑙 = ∆𝐸𝐸𝑟𝑟𝑐𝑐𝜕𝜕𝑚𝑚𝜕𝜕𝑖𝑖𝑐𝑐𝑙𝑙𝑚𝑚𝑙𝑙 + ∆𝐸𝐸𝑣𝑣𝑖𝑖𝑊𝑊𝑟𝑟𝑚𝑚𝜕𝜕𝑖𝑖𝑐𝑐𝑙𝑙𝑚𝑚𝑙𝑙 + ∆𝐸𝐸𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝜕𝜕𝑟𝑟𝑐𝑐𝑙𝑙𝑖𝑖𝑐𝑐  

 

with order of magnitudes of 

 

∆𝐸𝐸𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝜕𝜕𝑟𝑟𝑐𝑐𝑙𝑙𝑖𝑖𝑐𝑐 ≈ 1000 ∗ ∆𝐸𝐸𝑣𝑣𝑖𝑖𝑊𝑊𝑟𝑟𝑚𝑚𝜕𝜕𝑖𝑖𝑐𝑐𝑙𝑙𝑚𝑚𝑙𝑙 ≈ 106 ∗ ∆𝐸𝐸𝑟𝑟𝑐𝑐𝜕𝜕𝑚𝑚𝜕𝜕𝑖𝑖𝑐𝑐𝑙𝑙𝑚𝑚𝑙𝑙  

 

Typically the energy needed to trigger a transition between different rotational energy states is 

low, therefore photons in the far IR and microwave bands dominate this mode. The 

vibrational transitions are triggered by photons lying in the near IR and thermal IR bands, 

whereas electronic transitions are triggered by photons lying in the visible and UV bands. 

 

In this chapter an overview of the conducted optical spectroscopic experiments will be 

addressed with a special focus on electronic emission spectra of candidate plasma species of 

the gas discharge due to the effective bandwidth of the used optical detector.  



 182 

7.2 Theoretical foundation 
 

Spread over the whole electromagnetic spectrum from X-ray to radio waves, the optical 

spectroscopy has been used to qualitatively investigate the chemical structure of mediums by 

their spectra as a fingerprint. In different ranges of the electromagnetic spectrum, the atomic 

and molecular transition processes driving the absorption or emission vary and drive the 

terminology of the method. For example in the microwave and far infrared ranges with 

relatively long wavelengths and small frequencies, the molecular rotation drives the emission 

and absorption spectra. Whereas in the infrared region, the atomic vibration along the 

chemical bonds is the key trigger for such spectra and finally in the visible and ultraviolet 

regions, with higher frequencies and shorter wavelengths, inter-orbital electronic transitions 

are responsible for the observation of spectra. The different types of transitions with their 

associative frequencies, wavelengths and energies are given in table (7.1). 
 

Spectral region Microwave Far Infrared Infrared Visible and 
Ultraviolet 

Frequency (Hz) 109 - 1011 1011 - 1013 1013 - 1014 1014 - 1016 
Wavelength (m) 3x10-1 - 3x10-3 3x10-3 - 3x10-5 3x10-5 - 6.9x10-7 6.9x10-7 - 2x10-7 
Wave number 
(cm-1) 0.033 - 3.3 3.3 - 330 330 - 14 500 14 500 - 50 000 

Energy 
(J.molecule-1) 6.6x10-25 - 6.6x10-23 6.6x10-23 - 

6.6x10-21 
6.6x10-21 - 
2.9x10-19 

2.9x10-19 - 
1.0x10-18 

Molecular 
Process 

Rotation of 
polyatomic 
molecules 
Magnetic 
resonance15 

Rotation of 
small 
molecules 

Vibration of 
flexible bonds 

Electronic 
transitions 

 

Table (7.1): Molecular processes related to different regions of the electromagnetic spectrum 

[7.2]. 

 

Excited atoms or molecules tend to relax to the stable ground state, where all electrons are in 

the lowest possible orbitals, emitting a photon (hv) with energy equals to the energy 

difference of the involved transition levels.  

                                                 
15 The spin orientation of unpaired electrons (or sometimes also the nuclei) can be changed by exerting a strong 

magnetic field (microwave irradiation equal to the difference of energy levels). 
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∆𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑓𝑓 = ℎ𝑣𝑣 

𝜆𝜆 = 𝑐𝑐 𝑣𝑣⁄ = ℎ𝑐𝑐
Δ𝐸𝐸�  

 

Electrons spin around a virtual spinning axis having a specific orientation. This orientation is 

quantized to have one of 2 states (±1/2: upwards or downwards in the electron shell) and is 

significant to determine if an atom or molecule could generate a magnetic field or not. The 

population of electronic orbitals normally takes place in pairs with opposite signs (spin-

pairing), which leads most molecules, but not all, not to exhibit a magnetic field. Nevertheless, 

paramagnetic molecules exist due to unpaired electrons and consequently unstabilized shells. 

 

For an unpaired electron, there exist two possible orientations when exposed to a magnetic 

field. When an electron is promoted in the same spin orientation as it was in the ground state 

(opposing the spin of the other electron), the resulting state is called singlet. When the 

electron is promoted in the same spin orientation (parallel) as of the unpaired electron the 

state is called a triplet. The lifetime of a triplet state can be more than 104 seconds. The 

transition between a singlet and a triplet state is also possible known as intersystem crossing, 

whereas the transitions triplet - singlet are normally impossible because they demand 

reversing the electron spin. Different types of molecular transitions are given in terms of the 

so-called Jablonski diagram shown in figure (7.2). 
 

According to the equation of multiplicity, the number of electron spin states is given by the 

angular momentum following 

 

𝑀𝑀𝑢𝑢𝑙𝑙𝜕𝜕𝑖𝑖𝑚𝑚𝑙𝑙𝑖𝑖𝑐𝑐𝑖𝑖𝜕𝜕𝑦𝑦 = 2𝑆𝑆 + 1 Eq.(7.1) 

 

where 𝑆𝑆 is the molecular spin quantum number. Therefore it holds for: 

 

• A singlet with S =0: multiplicity = 2(0)+1 = 1 states. 

• A doublet with S =1/2: multiplicity = 2(1/2)+1 = 2 states. 

• A triplet with S = 1: multiplicity = 2(1)+1 = 3 states.  
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As seen in figure (7.2), the possible transitions between the ground state and the excited states 

as well as between the excited states themselves can be demonstrated in a simplified scheme. 

The terms S, T and V stand for singlet states, triplet states and vibrational states, respectively. 

These energy absorption and emission processes can be categorized according to their 

transition states into: internal transitions, inter-system crossings, fluorescence and 

phosphorescence. 

 

 

 
A.  Energy gain leading to the excited state. 
B.  Energy release as heat. 
C.  Energy transfer by collision with remaining energy (lower excited state). 
D. Fluorescence: Energy release with photon by a transition from excited singlet state to ground state. 
E1. Internal transition: transition between the same mode of the excited state (singlet-singlet). 
E2.Inter-System crossing: transition to between a singlet state to a sublevel of a triplet state 

(radiationless). 
P.  Phosphorescence 16: Energy radiation by a transition from excited triplet state to ground state. 

 

Figure (7.2): Jablonski diagram [7.3]. 

  

                                                 
16 Phosphorescence transition last longer than fluorescence since it involves a singlet to ground state requiring 

altering the electron spin. 
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7.3 Molecular transition modes 
 

7.3.1 Rotational transitions 
 

The rotational transitions can take place only in molecular species due to quantized changes in 

the binding energies between the molecular atoms. The required interaction between the 

molecular atoms is governed and limited by the degree of freedom, describing all possible 

orientations of the molecule. 

 

7.3.1.1 Moment of inertia 
 

Every object, including molecules, has an orientation depending on its mass distribution. 

Additionally every object owns 3 principal moments of inertia (I1, I2, I3), which are 

perpendicular to each other and cross each other in the molecule centre of inertia [7.4], and an 

angular momentum (product: moment of inertia x angular velocity). The latter is discrete and 

leads therefore to absorption or emission lines resulting from rotational transitions. At any 

axis with I = 0, no rotational transitions are possible and there exist, consequently, no 

absorption / emission spectra. 

 

 
 

Figure (7.3): Moment of inertia of an 8 atomic molecule [7.5]. 
 

According to the geometry of the molecule and its building atoms, the moments of inertia can 

severely differ and consequently govern the rotational capability and scheme of the molecule. 

An overview of moments of inertia of example molecular geometries is given in table (2). 
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Molecular atomic arrangement Moments of inertia Example 
Monatomic I1 = I2 = I3 = 0 Ar 
Diatomic-Linear I1 = 0, I2 = I3>0 N2, O2, CO2, N2O 

Nonlinear 
polyatomic 

Spherical Top I1 = I2 = I3>0 CH4 
Symmetric Top I1 ≠ 0, I2 = I3>0 NH3 
Asymmetric Top I1 ≠ I2 ≠ I3 H2O, O3 

 

Table (7.2): Moment of inertia of different types of molecules. 

 

7.3.1.2 Quantization of angular momentum 
 

According to Schrödinger, the angular momentum of a rigid body (in our case a molecule) is 

restricted to discrete values given by: 

 

𝐿𝐿 = ℎ
2𝜋𝜋�𝐽𝐽( 𝐽𝐽 + 1 ) Eq.(7.2) 

 

where 𝐽𝐽 is the rotational quantum number and ℎ is the Planck constant (6.6261×10-34 m2 kg / 

s). 

 

For a molecule rotating with a given angular velocity, the kinetic energy of rotation, which 

depends on the angular momentum, exhibits a discrete nature. When considering 2 adjacent 

rotational energy states, the difference between them correspond to the required photon 

frequency to drive the transition. This photon frequency is a multiple of 2B where B is a 

rotational constant given by: 

 

𝐵𝐵 =  ℎ
8𝜋𝜋2𝐼𝐼

 Eq.(7.3) 

 

The rotational absorption lines for simple diatomic molecules is a series of equally spaced 

lines by frequency difference = 2B, whereas for nonlinear molecules with 3 different Is, the 

line spacing is governed by the respective values of the moments of inertia. 
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7.3.1.3 Dipole moments 
 

A molecule can interact with an electromagnetic wave, if it has a magnetic or electric dipole 

moment. In other words, it has to allow a torque exerted on it by an external magnetic or 

electric field. 

 

For homonuclear molecules, positive and negative charges are symmetrically distributed 

inside the molecule and have therefore no permanent electric dipole such as in N2 and O2. 

This is exactly the same situation for symmetric linear triatomic molecules (like CO2). A 

heteronuclear diatomic molecule (CO) has a permanent electric dipole moment and all 

triatomic (and larger) atmospheric molecules like H2O, N2O and O3 (except: CO2 and CH4) 

have permanent electric dipole moments due to asymmetries in their structure. The dipole 

moment of atmospheric species is given in table (3). 
 

Atmospheric Constituents Dipole Moment 
Monoatomic species (Ar and 
other noble gases) 

Effectively zero dipole moments and consequently no 
rotational transitions 

N2 
Neither electric nor magnetic dipole moments, therefore 
no rotational absorption spectra 

O2 
No electric dipole moment but magnetic dipole moment 
therefore it has a rotational absorption spectrum. 

Other Major molecules Permanent electric and magnetic dipole moments and own 
therefore rotational absorption spectra 

 

Table (7.3): Dipole moments of typical atmospheric species as a requirement for rotational 

spectra. 
 

7.3.2 Vibrational transitions 
 

Displacements between two atoms in a molecule lead a molecule, in a classical physical view, 

to behave like a simple harmonic oscillator with a specific vibrational frequency. The 

corresponding energy is quantized and described by the vibrational quantum number 𝑣𝑣=1. 

The energy associated with each frequency v is analogous to the frequency of the photon. By 

an anharmonic oscillator, the photon frequency (by absorption or emission) of a vibrational 

transition can be an integer multiple of its resonance frequency (𝑣𝑣 = 2, 3, 4 … ).  
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7.3.2.1 Vibration modes and the molecular structure 

 
During an absorption or emission of a photon the vibrational transition can occur in one, two 

or all three quantum numbers. The number of possible vibration modes for polyatomic 

molecules is a function of the molecular structure. The vibrational mode includes often 

symmetric and asymmetric stretching as well as bonds bending. For diatomic molecules one 

vibration mode is possible: stretching and compressing along the molecular axis (the vibration 

energy levels can be expressed in terms of one vibrational quantum number), whereas for 

non-linear triatomic molecules 3 modes exist and 3 vibrational quantum numbers are needed 

to describe all energy levels (v1, v2 and v3). 

 

7.3.2.2 Vibration / rotation spectra 

 
Vibrational transitions are normally associated with larger energies than rotational transitions. 

Therefore spectral lines of vibrational transitions lie at shorter wavelengths (thermal and near 

IR bands) in the contrary to pure rotational transition bands (far IR and microwave). In gases 

both vibrational and rotational transitions occur simultaneously. 

 
7.3.3 Electronic transitions 

 
Electronic transitions need the most energy due to the wide separation between the electronic 

states of a transition as opposed to vibrational and rotational transitions, which are associated 

with intermediate and low-energy transmissions. The resulting spectra bands of electronic 

transitions are consequently in the shortwave lengths and include a series of vibrational and 

rotational series. A comparison of the three types of transition in terms of the internuclear 

separation and the involved transition energy is given in figure (7.4). 
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Figure (7.4): Comparison of transition types in terms of accompanying energy changes 

(remastered from [7.6]). 

 

The energy levels differences between the transition types can be seen in table (7.4) [7.7]. 
 

Transition type Energy level difference 
Electronic 100  kJ / mol 
Vibrational 1      kJ / mol 
Rotational 0.01 kJ / mol 

 

Table (7.4): Energy level differences associated with different types of transition. 
 

All types of transitions generally undergo specific rules governing the probability of their 

occurrence. These selection rules can be summarized as follows [7.8]: 

 

1. The resonance condition: the energy of the emitted photon must equal the energy 

difference between the states involved in the transition. 

2. Dipole moment evolution (electric or magnetic): A change in the charge distribution 

between the initial and final electron states must take place. 

3. Conservation of spin momentum: The total spin momentum must remain unchanged after 

a transition (in real molecular systems this condition is often removed (excited singlet 

(triplet)- ground) or by magnetic transitions like in the nuclear magnetic resonance 

spectroscopy).  

Internuclear separation 

E Excited electronic state 

Ground state 
Electronic 
transition 

Vibrational 
transition 

Rotational 
transition 
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The width of the spectral emission bands is related to the geometry of the excited state related 

to the ground state. When a similar geometry is preserved, then narrow bands are seen in the 

spectrum. But when a different geometry evolves in the excited state, the spectrum bands are 

broader than those of the ground state. The emission lines height is related to the number of 

photons released which depends on the transition probability and the concentration of the 

matter under inspection. 
 

7.4 Optical spectroscopic analysis of the plasma 
 

In the following, an exemplary address of optical measurements of the generated plasma will 

be given. These emission spectrometric results are used to verify the existence of ionospheric-

related species in the plasma discharge tube of the setup, since the plasma discharge was 

based on a vacuum of atmospheric air without any gas additions. The optical spectrometry 

was conducted over the whole optical bandwidth of the employed light detector-optical 

spectrometer (200 - 1200 nm). 

 

7.4.1 Methodology 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (7.5): Flow diagram of the optical spectroscopic methodology.  

Suggesting the transition system for 
species k 

Lines 
found? 

Investigate the optical spectra for species k 

Typical atmospheric gas species besides 
their possible products as ions and atoms 

List of experimentally registered emission 
wavelength and ionization energies 

Yes 

No 
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Proceeding with the fact that the plasma discharge emerged from pumping out dry air in the 

simulation laboratory, the plasma species search started verifying the existence of typical 

atmospheric atoms and molecules of air at earth surface. Using spectral emission results of 

previous studies, the species with emission lines located outside the effective range of the 

employed spectroscopic detector were not excluded from the search process. The candidates 

were studied and the transition systems driving their emission spectra were identified. 

 

7.4.2 Spectroscopic tests 
 

The optical detector was exposed to a laser pointer with a wavelength of 657 nm in a dimmed 

laboratory in order to check the sensibility and functionality of its active region. The received 

spectra are shown in figure (7.6), where a single peak at the laser’s transmitting wavelength 

was obviously dominating the detecting bandwidth between 200 and 1200 nm. A second test 

was carried out with a commercial small-sized discharge tube for educational purposes, in 

which the emission spectra of the molecular nitrogen second positive system were 

unambiguously observed as shown in figure (7.7). 
 

 
 

Figure (7.6): Optical detector test using a 657 nm laser pointer. 
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Figure (7.7): Optical detector test using a small-sized discharge tube targeting the emission 

spectra of the molecular nitrogen’s second positive system. 

 

7.4.3 Measurements 
 

The gaseous composition of dry air is dominated by Nitrogen, Oxygen and Argon making 

99.965% of the overall atmospheric air. A detailed tabular listing of the atmospheric gaseous 

species is given in table (7.5) [7.9].  

 

The considered species for the optical spectroscopic investigating are the highlighted ones. 

The selection is based on typical plasma species registered by previous experimental studies 

on atmospheric discharges. Additionally selected ions of those species are also considered 

which are expected to evolve in the plasma such as N2
+. Other molecules, which can result 

from plasma processes like OH due to the dissociation of water molecules, are also included. 

The complete set of the molecules, atoms and ions under inspection in this work is given in 

table (7.6). 
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Constituent Chemical symbol Mole percent 
Nitrogen N2 77.084 
Oxygen O2 20.947 
Argon Ar 0.934 
Carbon dioxide CO2 0.0350 
Neon Ne 0.001818 
Helium He 0.000524 
Methane CH4 0.00017 
Krypton Kr 0.000114 
Hydrogen H2 0.000053 
Nitrous oxide N2O 0.000031 
Xenon Xe 0.0000087 
Ozone O3 trace to 0.0008 
Carbon monoxide CO trace to 0.000025 
Sulfur dioxide SO2 trace to 0.00001 
Nitrogen dioxide NO2 trace to 0.000002 

 

Table (7.5): The major atmospheric gaseous species. 

 

Species Chemical symbol Ionization energy 

Nitrogen 
N2 

15.58 eV (2.49619 x 10-18 
J) 

N2
+ - 

N 14,53 (2.32796 x 10-18 J) 
Argon Ar 15.76 (2.52503 x 10-18 J) 
Oxygen O2 12.07 (1.93383 x 10-18 J) 
Hydroxide OH 13.02 (2.08603 x 10-18 J) 

 

Table (7.6): The plasma species under inspection. 

 

7.4.3.1 Molecular nitrogen (N2) 
 

The electronic transitions of the molecular nitrogen can be found in the range between 200 

and 900 nm of the electromagnetic spectrum starting in the near ultraviolet range and 

covering the visible spectrum (400-750 nm) [7.10]. The emission systems called the first 

positive, the second positive and the first negative systems occur due to electronic transitions 

between the rotational and vibrational levels of the excited triplet states C, B and A. The 
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electronic states B and C are known pre-dissociative states and the A is a metastable state 

owning a longer lifetime compared to normal excited states [7.11]. 

 

The first positive system includes an electronic transition between the B (gerade parity and 

orbital angular momentum =1) and A (ungerade parity and orbital angular momentum =0) 

triplet states emitting photons in the wavelength band between 500 and 700 nm. The second 

positive system is based on the electronic transition between the C (ungerade parity and 

orbital angular momentum =1) and B(gerade parity and orbital angular momentum =1) triplet 

states emitting in the wavelength range between 250 and 400 nm. In both the first and the 

second positive systems the electron transition occurs between p and p orbitals. The first 

negative system includes an electronic transition between the B (gerade parity and orbital 

angular momentum =0) and A (ungerade parity and orbital angular momentum =0) doublet 

states emitting photons in the wavelength around 425 nm. The electronic transition in the first 

negative system includes 2 S orbitals. 

 

Transition system Descriptive equation Band Transition levels 
First positive system 𝑁𝑁2 (𝐵𝐵3Π𝑔𝑔 − 𝐴𝐴3Σ𝑢𝑢+) ~500 nm - ~700 nm B  A (P-P) 

Second positive system 𝑁𝑁2 (𝐶𝐶3Π𝑢𝑢 − 𝐵𝐵3Π𝑔𝑔) ~250 nm - ~400 nm C  B (P-P) 

First negative system 𝑁𝑁2 (𝐵𝐵2Σ𝑢𝑢+ − 𝑋𝑋2Σ𝑔𝑔+) ~425 nm B  X (S-S) 
 

Table (7.7): The electronic transition systems of molecular nitrogen. 

 

To specify the search after possible emission lines, the following wavelengths and wavelength 

bands were selected according to the related literature. 
 

Transition system Emission wavelength Source 

First positive system 
~ 570 - 610 nm 
~ 620 - 690 nm 

[7.12]  

Second positive system 

~ 320 nm 
~ 335 nm 
~ 356 nm 
~ 375 nm 

[7.13] 

First negative system ~425 nm [7.13] 
 

Table (7.8): The emission wavelengths of molecular nitrogen. 
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First positive system 
 

The search after emission lines of the first positive system revealed a reliable agreement 

between the theoretical emission wavelengths, those of previous studies and the measured 

spectra. An example of the emission spectra taken on the 12th and 19th of May 2014 is shown 

in figure (7.8). Two emission bands were registered with the wavelengths of 581.08 nm- 

604.05 nm and 620.54 nm - 694.60 nm on the first day and 577.10 nm - 604.05 nm as well as 

607.65 nm - 696.49 nm on the second day. 

 

 
 

 
 

Figure (7.8): Optical spectrum of the plasma with designated emission bands of the first 

positive system of molecular nitrogen (measured on 12th and 19th May 2014).  
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Second positive system 
 

The search after emission lines revealed by the second positive system resulted in 2 emission 

wavelength agreements, which were: 332.46 nm and 349.51 nm. An exemplary spectrum with 

those lines has been acquired on the 22nd of May 2014 and is shown in figure (7.9) marked in 

red. The blue lines are the missing theoretical emission lines, which could not be acquired. 
 

 
 

Figure(7.9): Optical spectrum of the plasma with designated emission bands of the second 

positive system of molecular nitrogen (measured on the 22nd May 2014). 
 

First negative system 
 

For the first negative system one emission band candidate with a relatively lower emission 

intensity compared to the emission lines of the previous two systems was registered. The band 

stretched between 426.36 nm and 441.82 nm. Despite missing a bright agreement with the 

literature emission value of this system, the registered band can still be considered as a 

plausible explanation of the repeatedly registered violet light color of the plasma. 
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Figure (7.10): Optical spectrum of the plasma with designated emission bands of the first 

negative system of molecular nitrogen (measured on the 28th May 2014). 

 

7.4.3.2 Atomic nitrogen (N) 
 

A nitrogen atom can result from a dissociation of nitrogen molecules as a result of a direct 

electron compact according to the following reaction 
 

𝑒𝑒 + 𝑁𝑁2 → 𝑁𝑁 + 𝑁𝑁 Eq.(7.4) 
 

with a required bond dissociation energy of 941.69 kJ/mol [7.14]. According to [7.15] the 

atomic nitrogen emits strong lines at the following wavelengths, located in the effective 

bandwidth of the employed detector. These emission wavelengths are given in table (7.9). 

 

Line Type Wavelength 
Single wavelength 496.398 nm 
Single wavelength 575.250 nm 
Single wavelength 647.270 nm 
Wavelength band 742-746 nm 
Wavelength band 818-824 nm 
Wavelength band 856-871 nm 
Single wavelength 1011 nm 

 

Table (7.9): Emission wavelengths of atomic nitrogen.  
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The search after atomic nitrogen lines was unsuccessful. This could have one of two reasons. 

Firstly no dissociative reactions of molecular nitrogen took place due to the lacking required 

dissociation energy and there existed, therefore, no atomic nitrogen in the plasma. Secondly, 

the emission lines were very weak so that they could be acquired by the optical detector. 

 

7.4.3.3 Molecular nitrogen ion (N2
+) 

 

The N2
+ ion can be built by two possibilities [7.16]. Either by the following chemical reaction 

 

𝐻𝐻+ + 𝑁𝑁2  → 𝐻𝐻 + 𝑁𝑁2
+ Eq.(7.5) 

 

or by an electron compact ionization according to 
 

𝑒𝑒 + 𝑁𝑁2(𝑋𝑋,𝐴𝐴,𝐵𝐵,𝐶𝐶) → 𝑁𝑁2
+ + 2𝑒𝑒 Eq.(7.6) 

 

The molecular nitrogen ion emits lines based on two transition systems called the Janin-

d’Incan system and the first negative system. The descriptive equations of each transition 

system along with the emission bands and the related transition levels are given in table (7.10). 

 

Transition system Descriptive equation Band Transition levels 
Janin-d’Incan 𝑁𝑁2

+ (𝐷𝐷2Π𝑔𝑔 − 𝐴𝐴2Π𝑢𝑢) ~234 nm - ~271 nm D  A (P-P) 

First negative system 𝑁𝑁2
+ (𝐵𝐵2Σ𝑢𝑢+ − 𝑋𝑋2Σ𝑔𝑔+) ~355 nm - ~490 nm B  X (S-S) 

 

Table (7.10): The electronic transition systems of the molecular nitrogen ion. 

 

According to [7.16] the concrete emission wavelengths of the transition systems are given in 

table (7.11). These previously measured N2
+ emission line were based on laser-induced 

dielectric breakdown of nitrogen. 
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Transition system Emission wavelengths 

Janin-d’Incan 

234.3 nm 
239.8 nm 
245.6 nm 
251.6 nm 
257.9 nm 
264.5 nm 
271.4 nm 

First negative system 

350 - 360 nm 
380 - 390 nm 
405 - 435 nm 
450 - 475 nm 
~490 nm 

 

Table (7.11): The emission wavelengths of the molecular nitrogen ion. 

 

The acquired emission lines of both transition systems revealed a good agreement to the 

literature values. An example of the emission spectra taken on the 28th of May 2014 is shown 

in figure (7.11). For the Janin-d’Incan system small deviations of the literature values were 

registered at the wavelengths 269.60 nm (compared to 271.40 nm), 250.00 nm (compared to 

251.6 nm) and the wavelength band 231.76 nm - 244.60 nm (compared to the wavelengths 

234.3 nm, 239.8 nm and 245.6 nm). On the other side, for the first negative system the 

following 3 wavelength bands were observed: 347.62 - 363.2 nm (compared to 350 - 360 nm), 

406.76 - 436.41 nm (compared to 405 - 435 nm) and 452.70 - 487.16 nm (compared to 450 - 

475 nm). 

 

7.4.3.4 Argon (Ar) 
 

The spectra of the Argon electronic transition is based on the transition (2p  1s) with the 

primary emission lines located in the range between 650 and 1150 nm [7.17] [7.11]. Two 

enhanced emission bands were observed within the proposed emission wavelengths by 

previous studies. The first band stretched between 640 nm and 748 nm and the second 

between 791.3 nm and 973.3 nm. The first emission band could contribute to the slight red 

color of the generated plasma. An example of the emission spectra taken on the 28th of May 

2014 is shown in figure (7.12). 
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Janin-d’Incan system N2
+ First negative system N2

+ 

  

Figure (7.11): Optical spectrum of the plasma with designated emission bands of the Janin-

d’Incan system and the first negative system of molecular nitrogen ion 

(measured on the 28th May 2014). 

 

 

 
 

Figure (7.12): Optical spectrum of the plasma with designated emission bands atomic Argon 

(measured on the 28th May 2014). 
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7.4.3.5 Molecular oxygen (O2) 
 

According to [7.18] the infrared atmospheric transition system  

 

𝑚𝑚1∆𝑔𝑔 − 𝑋𝑋3Σ𝑔𝑔− Eq.(7.7) 

 

has been registered in the wavelength range 924 - 1580 nm. Most probably the oxygen 

molecule becomes first dissociated and then ionized. Within the proposed emission band a 

relatively narrow and reproducible band was observed stretching from 913.36 nm to 967.81 

nm which could be led back to emission transition of oxygen molecule. The observed 

emission band is shown in figure (7.13).  
 

 
 

 
 

Figure (7.13): Optical spectrum of the plasma with designated emission bands of molecular 

oxygen (measured on 19th and 22nd May 2014). 
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7.4.3.6 Hydroxide (OH) 
 

The possibility of OH existence in the discharge tube can be driven by the dissociation of 

remaining water molecules [7.19] [7.20]. 

 

H2O ⇄ H+ + OH Eq.(7.8) 

 

with a required dissociation energy of the bond H - OH =  493.7 kJ/mol [7.14]. The spectra of 

OH electronic transition is based on the system 

 

𝐴𝐴2Σ ⟶  𝑋𝑋2Π Eq.(7.9) 

 

with the band head at 306.4 nm and the end at 313 nm [7.20]. For this molecule no emission 

spectra could be observed. 

 

As previously stated, the wideband spectrometer was placed with the full stretch of the fiber 

optic cable to overcome faulty spectral results. This step was made after the processing 

software stopped to react, as the spectrometer was placed in the near of the discharge tube, in 

other words in the near of the break contact.  

 

The proposed cause of this malfunction is the high frequent and high energetic pulses of the 

break contact. The frequency of the break contact was ~5 kHz corresponding to 0.2 msec and 

the exposure time (the time span, in which the CCD collects the light) of the optical detector 

was set to 11.9 ms. 

 

This assumption was tested as the spectrometer was displaced by 1.2 m keeping the optical 

detector at the same position, which drove the spectrometer to function again. Unfortunately, 

the signal-to-noise (S/N) ratio in the registered spectra remained relatively poor after this 

displacement. In the following section possible causes for the bad S/N ratio will be discussed. 
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7.5 Justification of the remarkable signal-to-noise ratio in the optical spectra [7.21] 

 

The light detector used for the spectroscopic analysis was based on a CCD sensor composed 

of a two dimensional matrix of photodiodes converting light to electrical charge. The charge 

of an array of pixels (typical values for spectroscopic CCD are 256-1024 rows and 1024 

columns) caused by photoelectrons is sequentially transferred by a series of electrodes 

covering the array to a shift register. At each clock, the complete charge pattern is moved, 

row by row, from the pixel’s electrodes to those of the shift register. Then the pattern is 

transferred to an output amplifier located on the same spectroscopic chip. After the 

amplification, the signal is fed into an analog to digital converter to digitize it with a 

predefined bit resolution. A single sequence of amplifying the charge on the CCD, digitizing 

and storing it on a memory unit is known as a readout. 

 

According the operational processes of a spectrometer the following causes of the low signal-

to-noise ratio could be considered: 

 

1. Shot noise: when the number of falling electrons exceeds a spectrometer-specific 

manufacturing maximum, the noise level in the resulting spectra increases and may 

become the major noise source. This happens if the signal charge exceeds the designed 

capacity of the pixels causing a charge overflow and a diffusion of the neighbouring 

capacitors. 

 

2. Readout noise: this noise depends on the operational voltage settings of the 

spectrometer as well as on the digitization speed and the readout speed. Additionally, 

this noise depends on the temperature of the application area (as thermal energy could 

be big enough to create free electrons, which can’t be distinguished from 

photoelectrons) and the efficiency of the analog to digital process. 

 

3. Noise caused by the induced voltage from the break contact’s sparks in the fiber optic 

cable connecting the light detector with the spectrometer.  
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8 
 

Results and Outlook 
 

 

8.1 Preface 

 

In order to investigate the ionospheric behaviour under certain solar activities and its 

consequent influences on communication systems, an experimental setup for the ionospheric 

simulation was built. Called “Ionospektroskop”, the ionospheric simulation prototype has 

been designed in a way to enable the generation of a ionospheric-similar plasma - in the D 

layer as a first step - , to study its electrical characteristics, simulate its reactions to magnetic 

and electrical triggers and ultimately to reveal its influences on radio waves propagating 

through it in terms of signal fading and faraday rotations. 

 

The setup consists of a vacuum tube, in which reproducible plasma is generated using a 

triggered glow discharge method. The measurement of the electrical plasma parameters was 

carried out using a special Helmholtz coils configuration and a high voltage measurement 

system, through which the floating potential gradient along the plasma spatial distribution and 

the total plasma current could be measured. Additionally, an atomic and molecular emission 

spectrometric approach on an optical basis was employed to detect the ionic and molecular 

plasma species. Due to the dimension of the discharge tube and the maximum possible 

pressure beside the resulting electron density, a good electrical approximation of the 

ionospheric plasma in the D layer was established. 
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Figure (8.1): The “Ionospektroskop”. 
 

8.2 Overview of the results 
 

8.2.1 System realization 
 

The first stage of the “Ionospektroskop” included three major targets, which were the 

construction of the apparatus, the plasma generation and the plasma diagnostic. The core of 

the simulation setup was the plasma chamber. This crucial building part had to exhibit 

essential characteristics governing the intended research goals. The selection criteria of the 

discharge chamber ought to be fulfilled included: 

 

1. Thermal stability. 

2. Modification flexibility (substitution of electrodes including easy gluing). 

3. Most possible electrical resistivity (minimal influences of external electrical effects). 

4. Wall transparency (species verification, evolution and stability control). 

5. Manageable dimensionality. 

 

A 540 x 150 x 10 mm (length, diameter, wall thickness) acrylic glass tube was used for the 

plasma chamber realization. These selected dimensions made it possible to apply the plasma 

diagnostic systems in a convenient manner. The relatively compact size made it also 

comfortable to handle system modifications or improvements when required. The acrylic 
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glass used in the tube fabrication had a melting temperature of 160o Celsius (320 o F). This 

high thermal stability was an important criterion to firstly make the discharge measurements 

possible. 

 

To enable direct potential and current measurements, the glass tube was provided with two 

rows of electrodes of 7 pencil electrodes each. The electrode rows were inserted on the above 

and lower sides of the tube i.e. in the z direction. The displacement between the electrodes of 

70 mm made it possible to avoid inter-electrode influences when injecting signals into the 

plasma and, simultaneously, to have a good spatial coverage when monitoring the distribution 

of the plasma electrical parameters. The tube diameter of a 150 mm was bigger than typical 

discharge tube dimensions. Nevertheless, a glow discharge was achieved starting from the 

anode and extending to the tube walls ending at the cathode. 

 

  
 

Figure (8.2): The glow discharge. 

 

After the air breakdown within the break contact by initial voltage and current values, the 

energy transport took place toward the anode. By increasing the voltage on the power supply 

few burning points appeared on the anode plate, which were randomly distributed all over its 

edge. A further increase in the current and voltage supply initiated slowly the glow discharge. 

 

In the first “starting” phase a fine-tuning of the supply voltage and current was necessary to 

reach the best possible plasma state according to the stability measures used. If the current is 

roughly increased or the voltage drops for some reasons, a flow of discharge avalanches 

evolved directly connected the respective burning points of the anode and cathode plates. 
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The tube permeability to particles originating from cosmic radiation offered the opportunity 

of ionization based on particle precipitation as it applies in the real ionosphere. Metallic tube 

material would have greatly reduced the number of free electrons existing in the vacuum, 

which could have resulted in severe firing conditions for the gas breakdown. The wall 

transparency enabled also the employment of an optical spectrometric approach with an 

optical bandwidth of 1000 nm including the visible spectrum range (400-700 nm). To count 

for real magnetic field variations, the discharge tube was mounted in the north-south direction, 

where magnetic field fluctuations (for example due to sudden solar events) are mainly 

reflected in the magnetic field variation components in this direction. 

 

The employment of a traditional DC glow discharge procedure would have produced 

diffusive plasma emergencies with very short lifetimes, so that a plasma diagnostic would 

have been, accordingly, complicated. Therefore an adjustable voltage transformation 

mechanism had to be employed to guarantee a continuous energy supply to the discharge tube. 

This energy supply had to fulfill two major conditions: a triggering nature and power supply 

stability. Additionally, since the magnitude of the applied current defines the type of the gas 

discharge, it had to be monitored to achieve the required controlled discharge on the one side, 

and to monitor the guiding parameters of the plasma generation on the other side. This 

requirement conditioned the usage of an energy source capable of electrical energy feed in the 

required voltage and current ranges separately. Furthermore, the measurement of plasma 

stability during several discharge runs was of significant importance to target a reliable 

reproducibility of the plasma state. A pulsed DC gas discharge approach has been used for the 

plasma generation which had to fulfill two basic criteria concerning: 

 

1. Debye length: the system dimension must be much larger than the Debye length. 

2. Debye sphere: the particles confined in a volume given by the Debye sphere must be 

much greater than 1.  
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A high performance DC power supply, provided with the possibility of separate controlling of 

the voltage and current feed as well as an external monitoring possibility of these two 

parameters, was coupled with a break contact setup. The break contact consisted of a wooden 

clip mounted on a scaled metal rod with a millimeter-screw. The break contact was mounted 

on the anode side and could be used to precisely adjust the spark gap, i.e. adjust the applied 

voltage and current to drive the gas discharge. 

 

With this construction a continuous chain of sparks was fed to the anode representing the 

required breakdown voltage from one side (triggering nature), and a dense alternating power 

supply (break contact frequency ≈ 3 - 5 kHz corresponding to 0.33 - 0.2ms) to enable the 

generation of a durable plasma on the other side. On the anode side of the discharge tube, a 

brass sphere was mounted as a power supply bridge between the break contact and the anode. 

The spherical shape of the sphere resulted in an almost stable power supply by the streamers 

seen from the power supply cable. By a fine adjustment of the spark gap, a continuously 

generated plasma (with an average lifetime of 0.27 ms) could be achieved and stabilized. 

 

The potential distribution inside the plasma tube depends on the earthing nature employed. 

This was achieved by using a single earth line for the whole tube and all other connected 

electrical devices. This workaround made it possible to carry out floating potential 

measurements on the upper and lower pencil electrodes as it is in the reality. 

 

The plasma stability in this case was defined as an average state observed over several runs 

with the help of naked eye as well as with other stability measurements. Beside the spark gap 

frequency, the pressure inside the discharge tube as well as the air humidity around the spark 

gap contributed fundamentally to the plasma stabilization. 

 

An interesting observation by the transmission experiments was that the degree of signal 

permeability degradation was almost of a negligible scale. The L1 signal attenuation over a 

pressure range of 500 - 50 mbar possessed a maximal deviation of 0.8 dBm. Moreover, even 

with the existence of plasma, the permeability degradation was minimal (0.27 dBm) 

compared with the state: no plasma at 1 bar. However, the effect of increasing frequency on 

the signal attenuation revealed an inverse relationship, as unmodulated signals were stepwise 

incremented by 250 MHz over the frequency range 500 - 2000 MHz and injected into the 

discharge tube. 
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8.2.2 Flow diagram of the system operation 
 

A typical system run of the “Ionospektroskop” is shown in figure (8.3). Initially the 

laboratory temperature is measured, the spark gap of the break contact is reset to 1 mm and 

the geomagnetic activity of space weather forecasting services is obtained. Next the needed 

system devices are started including the power supply unit, the oscilloscopes required for 

plasma current monitoring, the floating plasma potential measurements and for the Helmholtz 

coils. Additionally the wideband optical spectrometer is connected and the data acquisition 

and analysis software is started. Next the pumping system is started for approximately 5 

minutes to achieve the required vacuum followed by feeding the required discharge voltage 

and current till the first gas breakdown evolves. Then a fine-tuning of the discharge voltage, 

current and the spark gap is carried out to stabilize the plasma with the help of the ring-shaped 

discharge tube. When the stabilized state is reached, the data acquisition is carried out for 

further analysis. 
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Figure (8.3): The flow diagram of the system operation. 

  

Data Analysis 

Plasma Verification 
• Optical system 

Plasma Measurement 
• Floating potential 
• Plasma current. 
• HH coils. 

Data Acquisition 

Pre-Check (initial values) 

• Room Temperature. 
• Spark gap length (ds =1 mm). 
• Geomagnetic activity. 

System Startup 

Powering on all system devices 

Vacuum Generation 
Pumping (300 seconds) 

Gas Breakdown 
Setting V and I values on the main power 

supply (10-12 kV, 0.5 mA) 

Stabilizing the plasma 
• Iterative adjustment (V, I and ds) 
• Observing the ring discharge tube 
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8.2.3 Conducted analysis and measurements 
 

Nr
. 

Task Result 

1. Discharge 
analysis 

An electrical approximation of the discharge tube has developed. 

a. Electrical 
circuit 

An RLC-circuit modelling was developed describing the electrical behaviour of glow 
discharge. 

b. Pulse analysis A single discharge pulse was modelled based on the RLC oscillator approximation. 
The best fitting approximation had a goodness of fit based on the statistical R-square 
test of 0.8612 and is given by: 
 

𝑣𝑣𝑐𝑐(𝜕𝜕) = 𝑒𝑒−𝑊𝑊𝜕𝜕 [c ∗ cos(𝜔𝜔1𝜕𝜕 − 𝛿𝛿1) − 𝑒𝑒 ∗ sin(𝜔𝜔2𝜕𝜕 − 𝛿𝛿2)] 
 

The total time required by every discharge pulse to maximally rise and fully decay is 
204 nm, where the decay time is 11 times bigger than the rise time. 

2. Plasma 
verification 

Qualitative plasma composition analysis was successful. 

a. Microwave 
spectroscopy 

Due to disturbances emerging from the break contact and the lack of suitable 
waveguides, the microwave spectroscopy resulted in very ambiguous results. For 
reliability reasons this measurement was abolished. 

b. Optical 
spectroscopy 

The existence of the following molecules and ions was qualitatively detected and the 
discharge color was explained: 
1. Molecular Nitrogen (N2): 

a) First positive system. 
b) Second positive system. 
c) A candidate of the first negative system. 

2. Molecular Nitrogen ion (N2
+): 

a) Janin-d’Incan system. 
b) First negative system. 

3. Argon (Ar). 
4. Molecular Oxygen (O2). 

3. Anode 
electrical 
analysis 

The analysis of the anode potential and electrical current passing through was 
accomplished. The Potential analysis revealed an anode charging by a “stable” self-
sustaining plasma of 8.28 kV. The anode current showed a “quasi” linear relationship 
with an increasing potential. The anode current by the self-sustaining plasma was 
107.50 𝜇𝜇A. 

4. Floating 
potential 
analysis 

A similar potential decaying behaviour between the upper and lower electrodes was 
observed. The potential variations between the respected electrodes (upper-lower) are 
smaller in the first half of the discharge tube, reach a minimum of 0.006 kV at the 4th 
electrode pair and maximize by the 7th electrode pair to 0.2 kV. The potential 
distribution on both sides of the tube decayed slowly at the anode side and starting 
from the 3rd electrode decayed in almost constant steps. 
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5. Helmholtz coil 
analysis 

• Plasma resonance frequency was theoretically derived and 
calculated.  

• Possible plasma resonance bands were registered between 30-40 
MHz and between 40-45 MHz by all sensing coil pairs. 

• The induced plasma currents were modelled and explained the 
overlapping signal response shape. 

6. Transmission 
analysis 
 

• A special discharge tube for RF signal analysis in plasma was 
built. 

• System functionality was verified and error sources were 
analyzed. 

• The propagation losses were measured using simple periodic 
signals as well as modulated and real-time GPS signals. 

• The relationship between the propagation loss, frequency and 
pressure was measured. 

• A minimal propagation loss in the L band due to plasma was 
observed. 

 

Table (8.1): Results overview. 

 

8.3 Outlook 
 

The development of the “Ionospektroskop” underwent many modifications and trade-offs 

during the various development phases. As being an experimental process, many realization 

difficulties and restrictions had to be handled and in some cases were accepted. The decisions 

were made as a compromise between the available technical equipment and the degree of 

integrity of the whole system and of the measurements’ precision. Therefore the following 

aspects could be considered during the development of the next version of the 

“Ionospektroskop” leading surely to substantial refinement of the measurement results and 

extending its experimental possibilities to a far extent. 

 

The usage of more powerful 2-stage rotary pumps would surely result in more stable pressure 

levels as well as lower pressure degrees. Additionally the employment of a sensitive pressure 

measurement and regulation mechanism would make it possible to study the plasma 

behaviour while simulating higher ionospheric layers (with a lower air pressure) when 

relevant layer parameters are present (like the respective electron density and the chemical 

composition). 

 

The breakdown voltage of air within the break contact depends on the air density, which 

depends on the air pressure and temperature. For a more precise impact analysis of the air 

humidity on the energy transport in the break contact and consequently on the plasma 
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breakdown voltage, a further correction factor could to be considered. As the absolute air 

humidity increases, the breakdown voltage increases. The correction factor by an average air 

humidity of 8.5 g/m3 is given by 

 

𝐶𝐶𝐻𝐻 = 1 + 0.002 . [ ℎ𝑑𝑑 − 8.5] Eq.(8.1) 

where 

ℎ is the aboslute air humidity. 

𝑑𝑑 is the relative air density. 
 

Finally, the real breakdown voltage 𝑉𝑉𝑊𝑊𝑟𝑟  would be expanded to include the humidity correction 

factor so that 

 

�́�𝑉𝑊𝑊𝑟𝑟 =  𝑉𝑉𝑊𝑊𝑟𝑟 .𝐶𝐶𝐻𝐻  Eq.(8.2) 

 

This would reveal more precise results of the energy transport budget in the break contact. 

Another enhancement aspect of the anode energy transport would be improving its electrical 

conductivity. This could be realized by using other metals with better conductivity properties.  

For comparison purposes a list of the electrical resistivity and conductivity is given in table 

(8.2). 

 

Metal Resistivity (uOhm.m) Conductivity (MS/m) 
Silver 0.016 62.0 

Copper 0.018 56.0 
Gold 0.022 44.0 

Aluminium 0.028 36.0 
Brass 0.070 14.3 
Iron 0.100 10.0 

Platin 0.106 8.4 
 

Table (8.2): The electrical resistivity and conductivity of selected metal candidates for the 

anode construction. 
 

Concerning the plasma electrical characteristics, when increasing the discharge frequency the 

electrical turbulences inside the plasma would increase to an extent, where the measurement 

of the potential distribution with the already employed high voltage probes in the first 
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prototype would not be possible anymore due to its relatively long rise time. Therefore 

differential or single probes with higher resolution and smaller rise time would be surely more 

compatible when conducting these experiments. 

 

To achieve a 3D instant mapping of the plasma currents using the Helmholtz coil 

constellation, two important modifications had to be implemented. Firstly, the sensitivity of 

the coils has to be increased. The best practice hereby would be to use new special coils with 

an enhanced induction sensitivity. Secondly, the complete constellation had to be isolated 

from other electrical sources, which could affect their performance and results. 

 

The Helmholtz coil configuration could be also used to investigate the effects of external 

magnetic fields on the generated plasma. This could be realized using different coil 

connection modes to generate different magnetic field scenarios as well as by injecting 

electrical currents of different frequencies. 

 

For more complex and sensitive measurements, the plasma stability issue would be of a key 

importance. Therefore two or more plasma parameters had to be simultaneously monitored. 

One possibility could be the employment of a digital clamp-on to monitor the plasma current 

with the concurrent pressure and discharge voltage observations. Additionally, the 

employment of a better shielded professional optical spectrometer could reveal detailed 

qualitative information about the chemical composition of the plasma species. 

 

If more dedicated RF transmission measurements are intended, different enhancements could 

be undertaken to achieve improved results. These include decreasing the pressure inside the 

tube down to the mbar range by the usage of a more powerful pumping system, managing a 

power supply unit cable of delivering split voltage and current together with reducing the 

attenuations caused by the break contact, the attachment of a professional GPS signal 

generator or simulator and finally extending the signal reception to enable phase shifting 

measurements. 

 

An interesting extension of the first prototype would be the usage of a second discharge tube 

to perform inter-layer simulations. By generating two plasmas each of different parameters, 

the interaction between both in the quiet-state (without external electrical or magnetic 

influences) would result in important insights into the dynamics of the border region between 
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two layers. Additionally the plasma response of both discharge tubes to external magnetic and 

electrical attenuation (simulating the effect of a CME or solar flare) could be studied. 

 

Finally the system could be ultimately used to simulate other atmospheric environments of 

interest. This extension would not only require building a gas feed unit to match the chemical 

composition of the environment to be investigated, but also the installation and the careful 

operation of magnetic and electrical sources to adapt the plasma state, in terms of electron 

density and temperature, to the targeted atmosphere. 
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