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Abstract  
 
The ionosphere is a part of the atmosphere. Its existence mainly depends on the solar radiation; 
because of the presence of electrically charged particles in the ionosphere, it gets conductible. 
The ionosphere contains different ionized regions (D region, E region, F1 and F2 region). 
Each region has its own properties and shows distinct influence on the entering radio signals. 
The importance of the ionosphere for our modern society is represented by its utilization for 
communication systems, such as its meaningful application for our radio communication 
system. The ionosphere can reflect the radio signals under appropriate conditions. By using 
repeated ionospheric reflections, this enables radio communication over long distances. In 
other words, a long-distance signal propagation gets possible through the multiple hops 
between ionosphere and ground. Furthermore, the effect of the ionosphere on satellite 
communications and navigation systems is also very noticeable. At the same time, ionosphere 
has a dynamic and direct response to solar activities. Studying the ionosphere is helpful to 
better understand the interaction between the Sun and the Earth. For studying the ionosphere, 
there are different kinds of techniques. They can be mainly categorized into ground-based 
measurements (such as Ionosonde, incoherent scatter radar, etc.) and spaced-based 
measurements (such as beacons, in situ experiments, etc.). These measurement techniques 
provide valuable information about the ionosphere. 
 
However, due to the patches of ionization in the ionosphere being irregular, as a consequence, 
ionosphere is greatly variable and quite random in its effects. The ionosphere could be 
considered as a very complex system which can be described by means of many 
interconnected variables or parameters such as temperature, density, chemical composition, 
currents and so on. 
 
Under a reproducible situation, it is possible to closely study and understand more ionospheric 
properties and behaviors as well as the interaction between the ionospheric parameters. In the 
present case, a project called “Ionospektroskop” is undertaken. Ionospektroskop itself is 
thought of as a new measuring arrangement (or system) that provides a laboratory partial 
simulation of the ionosphere surrounding; it has to handle the adaptation to the expected 
ionospheric conditions which must be reproduced in the laboratory. 
 
Due to the fact that the Ionospektroskop is a completely new arrangement, a fundamental 
research, whether the Ionospektroskop can accomplish our expected purpose, has to be 
achieved firstly. The capability of Ionospektroskop is examined with different basic 
experiments under reproducible conditions. At the same time, the most important properties 
of the created ionosphere-like plasma have to be investigated by reproducible tests. This 
means our work so far is focused on achieving experimental foundation tests, the first setup 
and the first analysis of the capability of the Ionospektroskop. These achievements give us an 
overview of the Ionospektroskop capabilities and provide a good foundation for the further 
research. 
 
The focus of the present work is based on several measuring techniques used to develop 
related new measuring methods (realized by taking practical measurements). These measuring 
methods enable to achieve the first analysis of the capability of the whole Ionospektroskop 
system (realized by data analysis of taken measurements). The related data analysis approach 
for measurements is based on the represented data analysis concept with respect to this 
dissertation. 
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The project itself is indicated as an open-end project. To understand and investigate the exact 
capabilities of the Ionospektroskop, a lot of precise, detailed experiments are required to be 
taken and a great many of considerations have to be taken into account. Furthermore a 
modified Ionospektroskop may be needed. At the same time, the project requires different 
knowledge and experiences involving different fields, such as plasma physics, atomic and 
optical physics, experimental physics, measuring techniques, astrophysics, electronics, 
electromagnetisms, as well as computer science, space geodesy and so on. To achieve all the 
expectations (comprehensive, detailed, precise measurements, ionospheric simulations, etc.), 
more time, more participants as well as sufficient laboratory fee must be taken into account. 
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1 Introduction 
 

1.1 Motivation 

Why are there so many interests for the ionosphere? Ionosphere as a part of our atmosphere, 
contain different ionized regions, its existence mainly depends on the solar radiation; owing to 
the presence of electrically charged particles in the ionosphere, it gets conductible and can be 
affected by the Earth’s magnetic field. At the same time, it has a dynamic response to solar 
influence. By studying the ionosphere, it is helpful for us to understand better the interaction 
between the Sun and the Earth. The importance of the ionosphere for our modern society is 
represented by its direct effect on our communication systems, such as its great applications 
for the radio communication system. The ionosphere can reflect the radio signals under 
appropriate conditions; by use of repeat ionospheric reflections, this enables radio 
communication over long distances, e.g. through the multiple hops between ionosphere and 
ground to realize a long-distance signal propagation. An example is shown in the following 
figure 1. 

  
Figure 1: Signal over long-distance by multiple hops between Ionosphere and Ground 

The ionosphere can be structured by means of parameters such as altitude, electron 
concentration, etc. to three regions or layers: D region, E region and F region. The F region is 
divided again into F1 and F2 region (during the day, F region splits to F1 layer and F2 layer; 
at the night, they combine back to single F region.). Each layer has its characteristics. On the 
one hand, they protect us from the hazardous radiations. The D layer is responsible for most 
absorption of hard x-rays. The E layer is responsible for the absorption of soft x-rays and 
some extreme UV. The F layer is responsible for the absorption of UV and some extreme UV 
(the F1 region absorbs mainly Extreme ultra-violet, and some Ultra-Violet. The F2 region 
absorbs mainly Ultra-Violet.). On the other hand, these varied layers influence the radio 
signals in different ways: D layer is denser than other two layers; most attenuation of the radio 
waves (on the short wave band) takes place in this region. I.e. it often plays an attenuator role, 
i.e. it causes attenuation of radio signals, especially for the low-frequency signals. The signals 
pass through the layers that cause the free electrons vibration; this vibration results in the 
electrons colliding with other molecules and losing energy. Small amounts of signals thereby 
are dissipated so that suffer from the attenuation. The signal frequency plays a very important 
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role; due to the signal attenuation varies as the inverse square of the frequency. At the same 
time, the number of collisions and the presence of the number of gas molecules take also 
responsibilities. E and F layers due to their lower air density, but higher electron density, act 
as reflectors. As a result of lower air density, the collision gets fewer, and then energy loses 
fewer. The signals enter the layers with the high electron density; they are refracted away 
from these layers. Degree of the signals refraction depends upon the signal frequency and the 
incident angle. At high frequency, refraction acts as “reflection”, the signals are bent back to 
the Earth. E and F layers make the long-distance radio communication possible; especially the 
high-frequency radio communication around the world, it is enabled mainly by F layer. 

Moreover, the effect of the ionosphere on satellite communications is also very noticeable. 
Satellites generally apply very high frequencies or much higher; these frequencies might be 
considered that their propagations are not affected by the atmosphere. However, ionosphere, 
as a deteriorating medium, represents its importance again by means of the ionospheric 
scintillations; it is an ionospheric phenomenon produced by ionospheric irregularities (due to 
the significantly increased the electron density, the behaviours of ionosphere turn away from 
its regular behaviours, i.e. electron density irregularities); When the radio signals pass through 
the irregular ionospheric regions, a rapid, random, temporal fluctuation of the signals taking 
place in both amplitude and phase. Ionospheric scintillations can be thought as a form of 
space-based multipath. It affects the signals in two ways: diffracting and scattering the signals. 
This phenomenon causes the disruptions of the earth-space communications: such as not only 
some satellite-based communication, but also GPS-based systems, radio astronomical 
observations and radar system performance, as the results of these, data quality gets 
degradation. With the help of studying the ionosphere, the effectiveness of satellite 
communications can be increased as well as the accuracy of the navigation systems can be 
increased. (More information about ionospheric influence can be found in [R.S.D, 00].) 
 
To study the ionosphere, there are already different kinds of techniques in presence. They can 
be categorized into ground-based measurements (such as Ionosonde, incoherent scatter, 
absorption measurements, etc) and spaced-based measurements (such as beacons, in situ 
experiments, topside sounders etc). Theses measurements techniques provide valuable 
information of the ionospheric parameters such as electron density /temperature, ion 
composition /temperature /drift velocity, ionospheric and plasmaspheric electron content 
(total electron content), local plasma parameters and so on. Each of them has advantages and 
limitations. In order to present the ionospheric phenomena, understand the physical process in 
the plasma, and forecast the ionosphere conditions, according to the applied approachs, the 
ionospheric models can be distinguished to three categories. Each of them has advantages and 
limitations. One is the theoretical/physical models which start from the equations (such as 
continuity, energy, momentum) for electrons and ions to simulate the ionospheric 
environment. However, a great disadvantage of this kind of model is the large amount of 
computation time. Other is the empirical models which are based on the experimental data. 
They try to extract the periodic behaviors from the past data records and generally describe 
average ionospheric conditions. Both methods have been reached the high degree of 
sophistication. The third one is the analytical models which are based on the data from the 
theoretical models and use the relative simplified analytical function to approximate the data 
records. As consequence, the data reduction is achieved so that makes the simpler and faster 
access of the theoretical data possible. Furthermore, in view of the geographical regions, 
ionospheric models can be distinguished to global, equatorial, polar models. In consideration 
of the altitude, the ionospheric models can be distinguished to ionospheric and plasmaspheric 
models. According to the ionospheric parameters, ionospheric models can be distinguished to 
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electron density models, F2-peak models, electron temperature models, etc. (More information 
and examples can be found in [D.B, 89], [S.H, 02], [CCMC].) 

1.2 Research Objectives 
 
The ionosphere itself is also denoted as a natural plasma laboratory. Ground- based and space-
based measuring techniques have already achieved to remotely and in situ measure the key 
ionospheric parameters. However, the patches of ionization in the ionosphere are irregular; as 
a consequence, the ionosphere is greatly variable and quite random in its effects. The 
ionosphere could be considered as a very complex system which can be described by means 
of many interconnected variables or parameters (such as temperature, density, chemical 
composition, currents and so on). Under a reproducible situation, it is possible to closely study 
and understand more ionospheric properties and behaviors as well as the interaction between 
the ionospheric parameters in situ in detail. In the present case, a project called 
“Ionospektroskop” is undertaken.  
 
The idea of the Ionospektroskop originates from Dr. rer. nat. D. Ewert and Ionospektroskop 
itself is protected by a German patent (number 20 2011 004 346.0).  
 
The Ionospektroskop is thought of as a new measuring arrangement that provides a laboratory 
partial simulation of the ionosphere surrounding; it has to handle the adaptation to the 
ionospheric conditions which must be reproduced in the laboratory.  
 
In comparison with the ground-based and satellite-based ionospheric observations, the 
Ionospektroskop investigations take lower costs and might be considered for supporting other 
ionospheric observations for the case that intense solar events occur. (Radio wave 
propagations and satellite communications can be disrupted as the consequences of this.) In 
contrast to the actual ionosphere, this kind of laboratory partial simulation of the ionosphere 
shows the advantage that the ionosphere-like plasma generation is reproducible under a 
defined state.  
 
The capability of Ionospektroskop is examined with different basic experiments under 
reproducible conditions, as well as the investigation of the most important properties of the 
created ionosphere-like plasma is under reproducible test. The detailed description of 
Ionospektroskop in this work is given in chapter 4.1.2. A simplified schematic view of 
Ionospektroskop is given in figure 2: 1) Acrylic glass discharge tube (75 cm long and 15 cm 
in diameter), 2) Upper pencil/needle electrode, 3) Lower pencil/needle electrode, 4) Copper-
zinc disk electrode, 5) Copper-zinc spherical electrode, 6) pair of Helmholtz coil in X 
direction, 7) pair of Helmholtz coil in Y direction, 8) pair of Helmholtz coil in Z direction. 
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Figure 2: A simplified schematic view of Ionospektroskop 

 
The most important fundamental experiment is to create the ionospheric surrounding, i.e. 
ionospheric plasma. The plasma is produced in the vacuum chamber (i.e. acrylic glass 
discharge tube combining a vacuum system). Owing to the exact feasibility of the 
Ionospektroskop is unknown in advance; the created ionospheric plasma within the acrylic 
glass discharge tube is defined as the ionosphere-like plasma. The dimension of the acrylic 
glass discharge tube (number 1 in figure 2) enables the simulation of the ionosphere over a 
relatively large volume. However, it also shows the difficulty to obtain continuous plasma. In 
our work, it is indispensable to solve this problem under our present conditions.  
  
The laboratory partial simulation of the ionosphere in comparing to the actual ionosphere 
shows the advantage as reproducibility. The additional requirement is that the created plasma 
has to reach a defined state. An appropriate approach to check the required state is expected. 
 
To make sure that the measurements should be taken under a laboratory environment which 
as few as possible electromagnetic disturbance, it is expected to provide an approach to check 
the local laboratory environment. 
 
Integrated needle electrodes (number 2, 3 in figure 2) provide possibilities to connect 
diagnostic instrument for the created plasma. Owing to the fact that the create plasma is free 
floating, these electrodes are at floating potential. This and the high voltage power supply 
source can result in damage to the instruments. The floating potential measurement at these 
electrodes is necessary.  
 
The ultimate pressure of the vacuum system for creating plasma is already known. With the 
determination of some characteristics of the created plasma it gives a conclusion to some 
degree about the created plasma. By means of the optical spectroscopy, one important 
property of the plasma (emits visible light) is taken into account. 
 
Another prominent plasma property (conducts electricity) has to be regarded. Under the 
current laboratory conditions, to determine this property in the macroscopic view is possible. 
The plasma current measurement is expected.  
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1.3 Scope and Structure of the Present Work 
 
Aim, Scope and Contributions of the Present Work 
 
Due to the fact that the Ionospektroskop is a completely new arrangement, a fundamental 
research, whether the Ionospektroskop can accomplish our expected purpose, has to be 
achieved firstly. This means our work so far is focused on achieving experimental foundation 
tests, the first setup and the first analysis of the capability of the Ionospektroskop.  
 
Several laboratory experiments based on Ionospektroskop are carried out. Due to the 
objectives of experiments, additional devices are added to the Ionospektroskop forming 
several subsystems to accomplish each experimental aim. These subsystems are coupled to 
the Ionospektroskop; some of them can separately work without interacting with the created 
ionosphere-like plasma; some of them interact with it. These experiments are such as the 
laboratory plasma generation (simulating the ionosphere-like plasma), experiments taken for 
investigating the emission of the generated plasma (optical spectroscopy given by my 
colleague Mr. M.Sc. M. Matalqah in his dissertation), and experiments taken for investigating 
several electrical characteristics of the generated plasma, and so on.  
 
These achievements give us an overview of the Ionospektroskop capabilities and provide a 
good foundation for the further research. Additionally, one thing has to be strongly given 
attention to: the measured results of these basic experiments do not represent exact scaled 
simulations of the plasma parameters of the ionospheric plasma to the laboratory plasma. 
With a view to study, Ionospektroskop offers a good start: using a fresh method to generate 
the laboratory ionosphere-like plasma; to test a couple of new methods with the objective to 
measure several properties of the generated plasma; concurrently, as we do these experiments, 
we learn about them. 
 
The focus of the present work is based on several measuring techniques used to develop 
related new measuring methods (realized by taking practical measurements). These measuring 
methods enable to achieve the first analysis of the capability of the whole Ionospektroskop 
system (realized by data analysis of taken measurements). The related data analysis approach 
for measurements is based on the represented data analysis concept with respect to this 
dissertation. 
 
The project itself is indicated as an open-end project. To understand and investigate the exact 
capabilities of the Ionospektroskop, a lot of precise, detailed experiments are required to be 
taken and a great many of considerations have to be taken into account. Furthermore a 
modified Ionospektroskop may be needed. At the same time, the project requires different 
knowledge and experiences involving different fields, such as plasma physics, atomic and 
optical physics, experimental physics, measuring techniques, astrophysics, electronics, 
electromagnetisms, as well as computer science, space geodesy and so on. To achieve all the 
expectations (comprehensive, detailed, precise measurements, ionospheric simulations, etc.), 
more time, more participants as well as sufficient laboratory fee must be taken into account. 
 
Contributions in the present work are as follows: 
 
Plasma Generation 
Due to the fact that generating the reproducible plasma under a defined state is the most 
important fundamental experiment for the project. In this work, the plasma generation is taken 
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into account. The expected plasma is created based on the existing direct current glow 
discharge approach and additionally combining a second electric discharge configuration 
outside of the discharge tube (called interruption contact system): it is realized by means of an 
asymmetric electrodes configuration (flat foil-spherical electrode). The spherical electrode 
(number 5 in figure 2) and a sharp electrode (flat foil) which connects to the direct current 
source (high voltage power supply). In comparing to the actual ionosphere, this created 
plasma supplies the ionosphere-like research environment and gives a precondition for the 
further investigations. 
 
Checking experimental environment  
For the experimental environment, it is better that the disturbances are as few as possible. In 
the present case, with the presence of highly sensitive detectors and a frequency measuring 
range taken from 0 kHz to 50 MHz, it provides a possibility to detect the possible 
electromagnetic disturbance in the laboratory. 
 
Floating Potential Measurements 
Because no earth connection and no reference point are ionospheric phenomena. Created 
ionosphere-like plasma has to hold the similar properties. According to the structure of the 
Ionospektroskop (seven pairs of symmetric needle electrode) and the plasma generation 
method, it is possible to realize this phenomenon. However, in practice, to measure this kind 
of plasma, the devices connected to these electrodes in the presence of plasma require a kind 
of measuring technique so called floating measurement. New measuring methods based on 
this kind of technique are developed which enable to measure floating potential at each needle 
electrode pair (not earth-fixed in voltage). The needle electrode provides a kind of measuring 
bridge between the created plasma and the measuring devices.  
 
In this work, five kinds of floating potential measurements according to the used different 
devices are performed. Due to the dangerousness for devices and operators by taking floating 
measurements (non-ground-referenced), if the traditional oscilloscopes are in use, the first 
choice is some robust oscilloscopes with less sensitivity (such as HM oscilloscope) combining 
with appropriate probes. However, owing to the limitation of the HM digital scope, for a 
better measurement accuracy and advanced storage possibility for the measuring result, two 
kinds of high-end four-channel LeCroy oscilloscopes are in use as well. Therefore, three kinds 
of measurements using different oscilloscope combining high-voltage probes or other kinds of 
probes are taken. One kind of floating potential measurement (using Clamp-On Ammeter) is 
developed to check the state of the created ionosphere-like plasma. 
 
Rogowski based Coil Measurement 
Ionosphere-like plasma created by the Ionospektroskop represents a similar electric 
characteristic as the ionosphere holds. In order to look into this kind of characteristic of the 
generated plasma, a well known measuring technology called Rogowski coil current sensing 
technology is required. Based on the operating principle of this measuring technology, 
measuring the electrical properties (such as the current) of the created plasma gets easier. Two 
basic electrical diagnostics are taken for measuring the total plasma current and sensing the 
rate of the current change measurement. The measurement enables to test the feasibility of the 
Rogowski based coil (a kind of steel wire coated with zinc is called Rogowski based coil that 
is arranged as the closed coil.) for the plasma diagnostic. These two electrical diagnostics 
provide the preparation for the further ionospheric simulations. 
 
Moreover, before the measurements were taken, several essential pretests for the interruption 
contact system and the direct current combining interruption contact glow discharge were 
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taken.  These Pretests give the important evidence: with the presence of the configurations of 
combining two metallic disk electrodes (within discharge tube) and spherical-sharp electrode 
(asymmetric electrode pair immersed in the normal air and form the interruption contact 
system), the plasma generation under a defined state is executable (this configuration is also 
the foundation for the plasma generation using Ionospektroskop).  
 
Trial Measurement: Bounce Motion Measurement 
The intension of this kind of measurement related to the Ionospektroskop project is if the trial 
measurement were successful, it may enable to provide a possibility to find out the correlation 
between a practical measurement (indicator for the interaction between the solar-trigged 
events and the Earth, so that cause an influence on the ionosphere) and the laboratory 
simulation in the future. 
 
This measurement is a kind of frequency measurement that tries to detect the geomagnetic 
variation in the near-earth space. Due to the fact, the ionosphere has a dynamic response to 
the solar activities. Geomagnetic variation (especially for the frequencies below 40 Hz) 
caused by the solar-triggered events (such as the solar wind) is a kind of indicator of the solar 
activities. In order to study this kind of interaction between the Sun and the Earth, Dr. D. 
Ewert has tried to measure this kind of geomagnetic variation from the ground. He has 
worked in focus with the new geomagnetic measuring method in the last eight years. Before 
we took part in, Dr. D. Ewert has already applied two generations of detectors and one kind of 
receiving system. In the last three years, we take part in this trial measurement. The specially 
manufactured detectors and the receiving system have experienced a new development 
(detectors: Measuring case to High inductive Detector III, and receiving system: two 
receiving systems to three receiving systems). The task of this work for this trial measurement 
is to test the feasibility of the current measurement configurations.  
 
Outline of the present work 
 
The entire work contains six chapters: 
 
Chapter 1 gives the motivation and research objectives as well as the scope and structure of 
the present work. 
 
Chapter 2 gives some fundamental information about the upper atmosphere of the earth at 
first, so that provides a simple overview to understand some basics about the Earth’s 
atmosphere layers and magnetosphere. Secondly, some more descriptions about the 
ionosphere are present. Subsequently, as the basis for the data analysis with respect to the 
research data, some foundations of basic signal analysis focusing on measurements are also 
reviewed in brief. 
 
Chapter 3 data and its properties are firstly reviewed concisely. Second of all, in order to 
understand better the measured data, understanding the experimental design is also important; 
the data acquisition strongly depending on it. At the same time, the accuracy of collected data 
is concerned with it as well. In the third place, to make a suitable data analysis concept with 
respect to this dissertation, the factors or components relating to the data analysis are listed in 
this chapter. 
 
Chapter 4 gives the attentive descriptions of the structural Ionospektroskop, an overview of 
the conducted experiments, detailed data analysis process, as well as some conducted 
experiments in detail (such as laboratory plasma generation, checking experimental 
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environment, floating potential measurements and Rogowski based coils measurements). The 
corresponding background and operating principle of the performed measurements are given 
in the parts of the experimental description. The experiments description consists of the goal 
of each experiment, selection of the measuring devices, measuring setup, related description 
of measuring procedures, as well as the examples of measured data, their interpretation and 
evaluation. For describing the measuring setup, there are simple sketches as supplementary. 
However, it should be noticed that these sketches are not thought of as the illustration of the 
complete setup systems. They only illustrate the setup of the current experiment and give just 
an easier presentment. 
 
Chapter 5 represents a trial measurement so called “Bounce Motion Measurement”. The brief 
background for the bounce motion is reviewed. The objective, selected devices, measuring 
setup, related description of measuring procedures, as well as the examples of measured data 
and related interpretation are given as well. 
 
Chapter 6 gives a brief conclusion and outlook of the work. 
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Part II 
 

Fundamentals 
 
 

Upper atmosphere of the Earth, Fundamental of Signals Analysis 
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2 Fundamentals 
 
In this chapter, some fundamental information about the upper atmosphere of the Earth is 
firstly reviewed, so that provides a simple overview to understand some basics about the 
Earth’s atmosphere layers and magnetosphere. Some more descriptions about the ionosphere 
are present. Subsequently, as the basis for data analysis with respect to the research data, 
some foundations about basic signal analysis focusing on measurements are reviewed in brief.  
 

2.1 Upper Atmosphere of the Earth  
 
According to [IIG], the upper atmosphere includes three regions. First region is controlled by 
neutral dynamics; it points the lower atmosphere and mesosphere. The second region is that 
neutral dynamics and plasma electrodynamics play the principal role; the third one is totally 
under control of plasma processes. The second and third region is so called the ionosphere 
and magnetosphere of the Earth’s atmosphere. In this section, first of all, the atmosphere of 
the Earth in general is reviewed briefly. In following subsection after that, ionosphere and 
magnetosphere are reviewed much detailed. 
 

2.1.1  Atmosphere of the Earth in General  
 
Our Earth’s atmosphere is made up of different layers. In order to describe the state of the 
atmosphere, temperature as a very important variable can be applied. The following figure 3  
(http://www.windows2universe.org/earth/Atmosphere/layers_activity_print.html (20.08.2012)) 
indicates typical profiles of neutral atmospheric average temperature in different layers of the 
Earth’s atmosphere. The various layers comprise of troposphere, stratosphere, mesosphere, 
thermosphere and exosphere. The boundary between different layers are called pause.  
 

Layers Description 
Troposphere 

 
Together with the buffer zone tropopause (lies on the top of troposphere), 
troposphere is the lowest part of the atmosphere. It extends from the Earth’s 
surface about 7 to 20 km high. It contains the most mass of atmosphere and takes 
responsibilities for almost all weathers. The temperature within this layer 
decreases with increased altitude (till about 10 km high). I.e. the air at the bottom 
of troposphere is warm, the higher the altitude is, the temperature is cooler.  

Stratosphere 
 

Above the troposphere is the stratosphere; it extends from the tropopause and 
about 50 km high above the Earth’s surface. Because of its stability, the jet 
airplane flies in the layer. In the stratosphere, a kind of layer between 16 and 48 
km called ozone exists. The ozone layer is responsible for absorbing the energy of 
solar ultraviolet radiation; as the result, it protects us against the harmful rays, and 
it is also the reason for the temperature increasing with increased altitude within 
this layer. 

Mesosphere 
 

Above the stratosphere is the mesosphere, it extends from the stratopause to about 
90 km above the Earth. The temperature within this layer decreases with increased 
altitude. 

Thermosphere 
 

Above the mesosphere is the thermosphere. It extends from the Earth’s surface 
about 500 km high. The temperature within this layer increases   sharply with 
increased altitude (below 200 km to 300 km). The stronger the solar activities are 
the temperature gets hotter. Ionosphere is a region of ionized gases within this 
layer. Auroras occur in this layer.  
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Exosphere 
 

Above the thermosphere, also the uppermost atmosphere is exosphere. It is very 
thin and atoms and molecules escape into space.  

 
Table 1: Layers of Atmosphere 

 
(Descriptions of atmospheric layers are based on [B.J.S, S.C.P, 94]: pp.317-318, [CSEP] and [R.R].) 
 
As figure 3 shown, a graphical description of the layers of the atmosphere is present. The 
vertical axis shows the altitude of the layers. The horizontal axis indicates the temperature. 
 

 
 

Figure 3: Layers of the Earth’s Atmosphere 
 
The above mentioned structuring of the atmosphere is based on the temperature gradients in 
the atmosphere. However, there are also other different ways to structure the atmosphere. 
Such as based on the degree of the ionization of the atmosphere, the atmosphere can be 
distinguished into neutrosphere (extends from the ground up to 80 km height), ionosphere 
(above the neutrosphere up to 1000 km) and protonosphere (above the ionosphere); based on 
the composition of the atmosphere, the atmosphere can be separated to homosphere (lower 
atmosphere) and heterosphere (above 80 km). (More details for these possibilities of structuring 
the atmosphere see [kowoma, ato].) 
 
Due to the fact that this work is associated with the laboratory simulation of the ionospheric 
plasma, ionosphere itself is denoted as an occurrence of natural plasma, in the following 
chapter, a brief review about the ionosphere as plasma is given. 
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2.1.2 Ionosphere as a Plasma 
 

2.1.2.1 Ionosphere in Brief 
 
The ionosphere plays a very important role in the modern society. It is not only well-known 
used for the communication systems, but also with the help of studying the ionosphere, the 
effectiveness of satellite communications can be increased as well as the accuracy of the 
navigation systems can be increased. Its altitude extends from a height of about 50 km to over 
500 km. The ingredients are neutral atmosphere and electrically charged particles. The 
existence of the ionosphere mainly depends on the solar radiation, the position of the sun or 
abnormal behavior of the sun (i.e. the variation in the ionosphere caused by changes in solar 
activity); therefore, it changes continually, greatly and random on its effect. Dominated 
ionization source is solar photons carried by the solar radiation (such as extreme ultra-violet 
rays, X-rays). Additionally, another important source has to be mentioned. It is so-called 
precipitating energetic particles, which generally come from cosmic rays, the sun, and the 
magnetosphere. The charged particles in the ionosphere make the air conduct. (Normally, the 
air is a poor medium to conduct the electric current). The ability of conduction depends on the 
time. Around midday, the best conduction takes place in air; because of the most intense of 
the Sun most charges are generated. After dusk, the conduction of air gets weaker, because of 
the reduced ionizing radiation; the reverse process of ionization “recombination” takes place; 
i.e. the free electrons collide with the positive ions, recombine; the positive ions return to a 
neutral state. A simple example of ionization and recombination of a molecule is shown in the 
following figure 4.  

 
Figure 4: Ionization and recombination of a molecule 

 
Furthermore, the ionosphere can be further structured to three regions or layers: D layer, E 
layer and F layer. The F layer is subdivided into F1 layer and F2 layer. Each layer has its own 
characteristics. 
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The right figure shows a graphical representation 
of the ionospheric layers by means of the altitude 
and plasma density.  

Regions Altitude Presence 
D 

region 
50 or 60 

below 90 km 
Only daytime 

E 
region 

About 90 -150 
km 

Always, but much 
weaker at night 

F region Above 150 
km 

Always, very strong 
at daytime 

F 1 Between 150 
and 180 km 

F 2 From 180 km 
to above 

The F region split to 
F1 and F2 region 
during the day, at 
night recombine 

back to one 
The D region as the main absorption region is 
responsible for most absorption of hard x-rays. 
Most attenuation of the radio waves (on the short 
wave band) takes place in this region. 

The E region as a reflection region for some lower 
frequency is responsible for the absorption of soft 
x-rays and some extreme UV. This region contains 
a high electron density; however, in comparing to 
the F region, the value of electron density is fewer. 

 
Figure 5: Ionospheric plasma density with the 

various regions 

The F region as the main reflection region is responsible for the absorption of UV and some 
extreme UV. It contains the highest electron density. High frequency signal propagation takes 
place in this region, making HF radio communication around the world possible. 
 The F1 region absorbs mainly Extreme Ultra-violet, and some Ultra-Violet 
 The F2 region absorbs mainly Ultra-Violet. 

 
(Source of figure 5 is based on [M.C.K, 09]: pp.4 (only taken partly) and The information for 
description of ionosphere is based on [G.W.P, 04]: pp.159-163, [IIG], [N.B, E.P, 08]: pp.2, [N.P.S, 03]  
and [r.e].) 
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2.1.2.2 Basic Description of Plasma 
 
Because the ionosphere is an occurrence of natural plasma, in order to understand the 
ionosphere better, a fundamental description of plasma is reviewed at first. Secondly, a brief 
review of the plasma conductivity is given. Sequentially, ionospheric conductivity, current 
and ionospheric measurements techniques are reviewed in brief. More detail about the 
introduced contents can be found in the related literatures and several of the standard 
textbooks. 
 

2.1.2.2.1 Plasma Definition in General 

 
Besides the three known states of matter (solid, liquid and gas), plasma is the fourth state of 
the matter and as the largest state in the universe; it is found in nature in different forms 
depending on several conditions (such as its electron density, electron temperature, thermal 
energy, etc); ionosphere, solar wind, magnetosphere of planets, gas discharges (such as spark 
gaps, lightning), and so on are all as the occurrence of plasmas.  
 
Plasma is an ionized gas which means a gas containing neutral particles and at least partly 
free charged particles; because those particles compensate each other, the plasma is 
collectivity neutral; then it is also called quasi-neutral. 
 
The behavior of plasma is described as collective, because the existence of charged particles, 
their movement can result in local charge (positive and negative electric charges) 
concentrations which create long-ranged Coulombic fields; these fields affect the motion of 
charged particles far away from the charge concentrations. So constituents affect each other, 
even at large separations, causing characteristic collective behavior of plasma. There are 
normally two group plasmas to be noticed: high-temperature plasma (or fusion plasma) and 
low-temperature plasma (or gas discharges).  
 
The plasma is usually produced by passing electrical discharges through gases; it can also be 
obtained by providing sufficient energy, which is supplied to a liquid or a solid to cause its 
vaporization and ionization. Moreover, by means of supplying the gas electromagnetic energy 
such as direct current, radio frequency, micro waves etc., enables to energize the plasma; as 
the result, plasma is excited and maintained. In those possibilities of obtaining plasma, 
applying an electric field to a neutral gas is the most commonly used method of generating 
and sustaining the low-temperature plasma. 
 

2.1.2.2.2 Fundamental Characteristics of Plasma  

 
There are different ways such as single particle approach, kinetic theory and fluid theory 
existed for describing plasma, but in this case, related to our experiments, in view of the 
fundamental plasma characteristics, several important plasma parameters used for 
characterizing the fundamentals of plasma are reviewed here briefly.  
(The equation 1.1 is based on [D.A.D, 01]: pp. 27; equations 1.2, 1.3 are based on [A.G, 94]: pp. 9-10; 
the equation 1.4 is based on [A.G, 94]: pp.16 and [D.A.D, 01]: pp. 27; equation 1.4.1 is based on 
[D.A.D, 01]: pp. 27 and [D.J]: pp. 14; equations 1.5- 1.9 are based on [S.J.S, C.J.O, D.B, 04]: pp. 21-
22; equations 1.10-1.13, 1.14-1.15 are based on [A.G, 94]: pp. 3-4 and pp. 12-13; related description 
for plasma parameters are mainly base on [A.G, 94], [D.A.D, 01], [S.J.S, C.J.O, D.B, 04], [T.K, 11], 
[W.B, R.A.T, 97].) 
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Fundamental plasma parameters 

 
The Particle 

Densities: 
Plasma density n 

It indicates the density of particles in plasma and normally is referred to electron 
density; within a quasi-neutral plasma, the plasma density n is usually 
approximately equal the density of charged particles. I.e. n=ne= ni. 

Electron density 
ne 
 

It is defined as the number of free electrons per cubic meter (electrons/m³) in 
plasma. As one of the most important fundamental parameter, it determines not only 
the light behavior in plasma, but also the plasma frequency for electrons ωpe 
( pepe  2  (1.1), where pe  is the critical frequency, introduced later). About 

the determination of the light behavior, because of the existence of free electrons 
within plasma, the plasma is also an electrical conductor, i.e. the plasma can reflect 
or transmit the light in contact with it. This kind of characteristic can be defined 
with the help of a comparison between the light with a frequency flight and the 
critical frequency pe : the light is reflected, if flight is smaller than pe ; the light is 

transmitted, if flight is greater than pe . 

Ion density ni It is defined as the number of ions per cubic meter in plasma. 
The density of 

neutral particles nn 
It is defined as the number of neutral particles per cubic meter in plasma. 

Temperature of each species in plasma also characterizes the fundamentals of 
plasmas. Temperature is an indicator for the state change. A neural gas in a 
thermodynamic equilibrium state or not can be implied by temperature. If the 
temperature of all species (electrons, ions, neutral species) is the same, this state is 
called thermodynamic equilibrium; if the temperature of all species is the same in 
the localized area in plasma, then, it is so-called Local Thermodynamic Equilibrium 
(LTE); otherwise the plasma is not in thermodynamic equilibrium (non-LTE), as an 
example, plasmas at low pressures, produced by the direct current glow discharge, 
belong to this kind of state. In non-LTE plasma, the electron temperature is the most 
important temperature. 

Temperatures in 
plasma 

 

According to [A.G, 94], the temperature in plasma can be approximately 
considered, thermally, as containing two systems: one only consists of the electrons 
temperature; another contains the temperature of heavy species (ions, neutral atoms, 
molecules and other neutral species). Each of them is a subsystem. Without the 
presence of magnetic field, in subsystem of heavy species, there are presences of 
several additional temperatures such as gas temperature, excitation temperature, 
radiation temperature, ionization temperature and dissociation temperature to 
characterize the particles. With the presence of the magnetic field, depending on 
how the force acting on species (parallel to or perpendicular to the magnetic field) 
each temperature of species has to be taken into account to be distinguished to two 
temperatures (T//  and T┴). Surely, ions temperature in each case cannot be 
forgotten. 

Electron 
temperature Te 

 

Generally, the energy distribution of a gas is either described by the Maxwellian 
distribution or by the Druyvesteyn distribution (a non-Maxwellian or non-
equilibrium distribution). The electron temperature can be defined as the 
temperature of these distributions. For kinetic energy of a particle with mass m, the 
energy distribution is related to the velocity.  
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Maxwellian distribution is valid for the velocity distribution for a gas in 
equilibrium, and under several assumptions such as the distribution is isotropic. For 
the velocity distribution of electrons within plasma to follow the Maxwellian 
distribution, there are more assumptions that should be noticed:  
 the electron temperature in plasma is assumed to equal to the gas temperature;  
 the electric field effects can be ignored and 
 the inelastic collisions’ effect is only taken into account to be as a perturbation 

to the isotropy.  
Then, as a first approximation of the electron energy distributions for a steady 

plasma, Maxwellian distribution for the average energy of electron eE referred as 

the temperature can be expressed as ee kTE
2

3
  (1.2), Where k is the Boltzmann 

constant; Te is electron temperature of the plasma. 
For a better approximation of the electron energy distributions, the Druyvesteyn 
distribution under several assumptions gives the expression that the average energy 

of the electron and the electron temperature are functions of 
p

E0 (1.3), where E0 is 

the electric field strength and p is the pressure in plasma. The assumptions are:  
 plasma is at low pressures;  
 the electric field strength should be low enough to result in the inelastic 

collisions’ effect ignored, but at the same time should keep the electron 
temperature much higher than the ion temperature; 

 the collision frequency (motioned later) is much higher than the electric field 
frequency and also independent of the electron energy.  

 
Additional parameters 

As mentioned before, the plasma is quasi-neutral, to keep this charge neutral, a basic plasma phenomena 
“plasma oscillation” and some important characteristic frequencies have to be noticed. At the same time, 
a brief review of the Debye length and Debye number as preconditions for plasma generation are 
essentially as well. 

Plasma Oscillations 
 
 

Because of the mutual compensation of charged particles in the plasma, the 
plasma shows neutrality. In the case of a small perturbation occurs, the 
electrons in the plasma, due to their smallest mass, do rapid response to the 
perturbation, i.e. they move and cause displacement of electrons; this kind of 
response they have, are much faster than other heavier charged particles such 
as ions have, therefore in this case, the heavier charged particles are not be 
taken into account; this response results in electric charges appearing and an 
induced electric field; then, the electrons are accelerated and their density is 
also changed. In order to keep the neutrality of the plasma, there exists a 
restoring force that tries to return the neutrality. This leads to a natural plasma 
oscillation which is one of the important characteristic of plasma. 

Plasma Frequency   
ωpe 

The frequency of the electrons oscillations is called plasma frequency or 

Langmuir frequency ωpe; it can be expressed as 
0

2




e

e
pe m

en
 (1.4), where ne 

is the number density of electrons, e is the unit charge, me is the mass of 
electron, ε0 is the electric field constant. The formula for the critical frequency 
(For electrons, the highest frequency at which a reflection occurs. See [D.J]: 

pp.14) is e
pe

pe n9
2





  (1.4.1). 

 26



A charged particle with mass m and charge q do a motion with a moving 
velocity v in the given electromagnetic filed, under the action of the Coulomb 
and Lorentz forces, this kind of motion can be described as 

)( BvEq
dt

dv
m  (1.5). The change in velocity v is considered as two 

parts: parallel v// and perpendicular v┴ to the magnetic field; the 
dt

dv
m //  is in 

the direction of the magnetic filed, therefore is considered as zero. So, only 
the perpendicular part of velocity v┴ is taken into account.  
 
Under these conditions: a uniform, static magnetic field is present and the 
electric field is considered as E=0, then the equation is denoted 

as Bqv
dt

dv
m  

 ; the particle will do the uniform circular motion in the 

plane to the direction of the magnetic filed.  

Cyclotron (or Gyro-) 
frequency ωcs 

 

If the radius of cyclotron motion is rL, the particle do one gyration with 

velocity v┴ , then the equation can be written as Bqv
r

mv

L


 
2

 (1.6). 

The perpendicular velocity can be calculated as 
m

qBr
v L (1.7), due to 

angular velocity 
Lr

v  in circular motion, then, the angular frequency of 

the gyration can be expressed as 
m

qB
cs   (1.8).  

This frequency characterizes the charge, filed strength and the mass of the 
particle in the plasma; therefore it is also mentioned as one of the most 
important characteristic frequency. 

Larmor (or Gyro-) 
radius rL 

 

As mentioned by Gyrofrequency, it is the radius of cyclotron motion and is 

denoted as  
Bq

mv
rL

  (1.9). 

Collision Frequency 

cs  
The interaction between particles in plasma is truly present. A direct collision 
is a simplest interaction between single particles in plasma.  
The type of collision can be distinguished to elastic, inelastic collision and 
transformation collision; elastic collision means that the collision between 
particles does not give rise to an excited state of the target particle, but 
inelastic does; transformation collision (such as an impact ionization) implies 
the one in which the particles before the collision are as distinguished from 
those after the collision. 
However, plasma can be distinguished as collisional and collisionless. 
Because under presence of some conditions, the effect of the collisions 
between particles becomes negligible. If the effect of other much stronger 
forces on the motion of particles is present; this kind of plasma is defined as a 
collisionless plasma.  
Moreover, due to the ionization degree of plasma, the collisional plasma is 
also distinguished between the fully ionized plasma (containing only charged 
particles) and the partially ionized plasma. In a partially ionized plasma, due 
to the presence of a large amount of neutral species, the collision occurs 
frequently between charged particles and neutral particles.  
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The collision frequency is defined as the average number of collisions per 

second; it can be expressed as  

 cs (1.10), where the   is the average 

velocity; it can be determined by its temperature T, the Boltzmann’s constant 

k and the mass of the molecule M: 
M

kT
 (1.11),   is the mean free path 

length (the average distance travelled by a moving particle before successive 

interactions ) and 



n

1
 (1.12), where   is collision cross-section, (due to 

collision theory, a molecule in motion, it moves through space to sweep out a 
collision volume, illustrated by a cylinder, with a collision cross section  , 

; assuming the molecule as a hard spheres, r is the collision radius),  
n is the density of particles. So, this frequency can also be denoted as 

2r 

 ncs  . 

Collision time c  It is defined as the mean time between collisions; its expression is defined as 
the reciprocal of the collision frequency.  

i.e. 



ncs

c
11

  (1.13) 

Debye Length ג D 
 

It is denoted as a characteristic dimension of the plasma; this means the 
movements of particles give rise to local concentrations of charges in plasma; 
this kind of concentrations is restricted to small volumes of the size גD; its 

mathematical expression is 
2

0

en

kT

e

e
D


   (1.14), where ε0 is the permittivity 

of the free space, k is the Boltzmann constant, Te is electron temperature of 
the plasma, measured in electron-volts (eV) and e is the charge of the 
electron. As a condition for stabilizing plasma, the dimension of the system 
(L) has to be much larger than the Debye length (L » גD). 

Debye Number ND 
 

It is also called as the plasma parameter; it is denoted as the number of 
particles in a Debye sphere (a sphere with the Debye Length as the radius); its 

expression can be defined as 3

3

4
DD nN 

  (1.15). As a condition for a 

good plasma, it has to be much greater than 1 (ND » 1). 

 

2.1.2.2.3 Conductivity of Plasma 

 
Because of the existence of free-floating negative electrons and positive ions within plasma, 
the plasma is also an electrical conductor. According to [W.B, R.A.T, 97], the conductivity of 
plasma can be distinguished between conductivity in unmagnetized plasma and magnetized 
plasma. In our case, plasma is partially ionized; here the conductivity in both situations is 
valid to the partially ionized plasma.  
(Equations 1.16-1.30 and the related descriptions of conductivity of plasma are mainly based on [W.B, 
R.A.T, 97]: pp.52-56.) 
 

 28



 
Conductivity of partially ionized plasma 

In unmagnetized plasma In magnetized plasma 
The electron motion in unmagnetized plasma is 
considered as ; assuming in a steady state, the 
electrons move with a velocity , and the other 

heavier particles are assumed at rest; the particles in 
partially ionized plasma assumed as at rest are neutral 
particles. 

0B

ev

The electron motion in magnetized plasma 
is considered as 0B ; the plasma with a 
velocity  moves across the magnetic field; 
the electrons move with a velocity ; the 

magnetic field is assumed as aligned with z 
axis. 

v

ev

Due to a charged particle with mass m and charge q do a motion with a velocity v in the given 
electromagnetic filed, under the effect of the Coulomb and Lorentz forces, this kind of motion can be 

described as )( BvEq
dt

dv
m  ; if the collisions are taken into account and its effect is 

considered as the friction; the all collision targets are with a velocity ; at a frequencyctv c , the 

collision happens and there is momentum lost accompanied. Then the equation is expressed as 

)()( ctc vvmvBvEq
dt

dv
m   (1.16) 

In unmagnetized plasma, due to the assumptions 

(i.e. ;0B 0
dt

dv
; 0ctv ), the magnitude of 

electric field can be represented as 

e

vvm
E ece (1.17); the current carried by 

electrons can be expressed as 

eevenJ   (1.18). 

According to the both equations: the E can be also 

denoted as J
ne

vm
E

e

ce
2

  (1.19) and J can be also 

indicated as E
vm

ne
J

ce

e
2

  (1.20). 

Due to the electrical resistivity is defined as the ratio 
of E to J; the plasma resistivity is expressed as 

e

ce

ne

vm
2

  (1.21). The conductivity is the inverse of 

the resistivity; it is defined as 
ce

e

vm

ne2

0   (1.22). 

In magnetized plasma, firstly assuming in a 
steady state and the other heavier particles 

are assumed at rest. (i.e. 0
dt

dv
; 0ctv ), 

then the equation (1.16) can be expressed as 

e

vvm
BvE ece

e   (1.23).  

Due to the equation (1.18): 
en

J
v

e
e  , 

both sides of equation (1.23) multiply 0 , 

then the J can be also expressed as 

BJ
en

EJ
e

 0
0


  (1.24). 
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Conductivity of partially ionized plasma 

In magnetized plasma 

Due to the assumption: the magnetic field is aligned with z axis, i.e. zBeB  , using Gyrofrequency 

e
cs m

eB
 , the  J in the X- ,Y- and Z axis can be described as 

y
c

cs
xx J

v
EJ


  0  (1.25); 

Substituting the  using equation (1.26), the equation (1.25) can be 

represented as  
yJ

y
csc

ccs
x

csc

c
x E

v

v
E

v

v
J 022022

2







 



  (1.28). 

x
c

cs
yy J

v
EJ


  0  

(1.26); 
 

zz EJ 0  (1.27); 

Substituting the  using equation (1.25), the equation (1.26) can be 

represented as  
xJ

x
csc

ccs
y

csc

c
y E

v

v
E

v

v
J 022022

2







 



  (1.29). 

Using 022

2





csc

c
p v

v


  to express one component in the equations, p  is so-called Pedersen 

conductivity; it represents the Pedersen current, which its direction is parallel to the ambient electric 
field and perpendicular to the magnetic field. 

Appling 022






csc

ccs
H v

v


  to express the other component in the equations, H  is so-called Hall 

conductivity; it represents the Hall current, which its direction is perpendicular to the ambient 
electric field and the magnetic field.  

At the end, using 0//   , //  is parallel conductivity, the related current is the field-aligned 

current. 

Then the conductivity tensor can be represented as  (1.30).   
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As seen, the p , H  depend on the ratio of cs  and : when the collision happens very frequent 

in plasma, this means the existence of weak magnetic field and resulting in 

cv

ccs v ; in this case, 

the 0//  p  and 0H , then the conductivity becomes isotropic. Vice versa, plasma is 

with strong magnetic field, nearly collisionless, ccs v , the 0 Hp   and 0//   , then 

the current basically flows in this kind of plasma along magnetic field.  

For ccs v , it represents the conductivity in most case of plasma: anisotropic. 

For ccs v , it represents the domination of the Pedersen conductivity.  

For ccs v , it represents the domination of the Hall conductivity. 
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2.1.2.3 Conductivity and Currents of Ionosphere 
 
One of the most important properties of the ionosphere is its conductivities. As previously 
mentioned "Conductivity of partially ionized plasma" is actually also valid here. The 
ionospheric conductivity is denoted as a conductivity tensor. However, there are still some 
conditions that have to be noticed. First of all, collision targets for the electrons are neutral 
atmospheric particles; the collision frequency between electrons and these targets particles is 
defined as . Secondly, in the ionosphere, there is not only  to be considered, but also the 

collisions between the ions and neutral particles. The collision frequency between ions and 
these neutral targets particles is defined as  and assuming there is only one type of ions in 

the ionosphere. The gyro frequencies of electrons and ions are 

env env

inv

cs  and ci . So, the 

ionospheric conductivity can be expressed as the sum of electrons’ conductivity and ions’ 
conductivity.  
 

Ionospheric Conductivity  

The Pedersen conductivity can be described as: 
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  (1.31)  

The Hall conductivity can be described as: 
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The ionospheric conductivity 
tensor is expressed as : 
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The Parallel conductivity can be described as: 
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Ionospheric Current 

Because of the presence of free electrons, ions and driving force, the ionosphere enables to carry 
electric currents. The driving force can be such as electric field, atmospheric wind or tidal oscillations. 
Firstly, three currents are mentioned before, they are the Pedersen current, Hall current and field-
aligned current, which are related currents giving by their conductivities. 
 
Besides these three currents, the other important currents related to the ionosphere such as the Sq 
current, and the equatorial electrojet are also interested. A valid relation (between the current J, 
conductivity σ, electric field E and the neutral wind velocity vn) throughout the ionosphere can be 
expressed as )( BvEJ n    (1.34). Bvn   indicated as the driving force for the two mentioned 

currents is induced by the ion motion across the magnetic field. 
The Sq current is the current at mid-latitude caused by the tidal motion of the atmosphere; it is also 
called solar quiet. The tidal motion means that the solar radiation heating of the atmosphere excites the 
diurnal- and semidiurnal-oscillation, i.e. the tides of the atmosphere with the lowest and largest 
amplitude; this results in the daily variation of the atmospheric motion. The effect of the Sq current is 
to cause a magnetic field disturbance, i.e. daily magnetic variations. The Sq current forms northern 
hemispheric current system and southern hemispheric current system; the both current systems touch 
each other at the geomagnetic equator. 
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The equatorial electrojet is the current over the geomagnetic equator; it is abnormally large. The causes 
of this kind of current are that on one hand, the touching of both Sq current systems form the nearly 
jet-like current; on the other hand, because the geomagnetic field flows horizontally at the equator, the 
incident solar radiation is nearly perpendicular; as the results of these, the conductivity gets enhanced, 
i.e. current is increased. The conductivity in this case is called cowling conductivity and can be 

expressed as 
p

H
pC 




2

  (1.35). 

(Equations 1.31-1.33 are based on [R.D.H, J.K.H, 03]:pp.49 and [W.B, R.A.T, 97]: pp.65. Equation 
1.34 and 1.35 refer from [W.B, R.A.T, 97]: pp.68 and pp.70. Related descriptions for Conductivity 
and Currents of Ionosphere are based on [R.D.H, J.K.H, 03]: pp.48-52 and [W.B, R.A.T, 97]: pp.65-
70.) 
 

2.1.2.4 Ionospheric Measurements 
 
In order to study the ionosphere, there are different kinds of techniques used for probing the 
ionosphere. Theses techniques can be mainly categorized to ground-based measurements and 
space-based measurements. The ground-based measurements are a kind of remote 
measurement. They yield information about the ionosphere from the difference in amplitude, 
phase or polarization between the transmitted signals and the received signals. By means of 
satellites and rocket-borne instrumentation of all kinds, the space-based measurements 
provide ionospheric information such as ionospheric parameters (density, temperature, etc.) at 
the satellite position (in situ techniques), electron density from the satellite altitude down to 
the F peak maximum (topside sounder), and so on. These measurements have greatly 
extended the knowledge about the ionosphere. Because each technique has its advantages and 
limitations, using different techniques can compensate each other. In this case, two basic 
methods with simplified descriptions as examples taken from each category are given.  
(More details, descriptions of ionospheric measurement techniques and related examples can be found 
in [A.A, 10], [A.SPU], [M.C.K, 09] (Appendix A), [D.B, 89]: pp.5-21 and [R.D.H, J.K.H, 03]: pp.181-
221.) 
 

Ionospheric Measurements 

Ground-based 
measurements 

Description 

Ionosonde An ionosonde is very useful equipment for sounding the ionosphere. It is one of the 
first techniques to observe the ionosphere; its simplest form for constituent parts is 
a transmitter and receiver with coupled tuning circuits. The basic idea is that 
ionosonde sends radio waves (usually swept in the approximate frequency range 
between 0.5 to 25 MHz) to the ionosphere and sounds the response from the 
ionosphere. The transmitted radio wave can be either the high-powered pulses or 
the lower powered continuous signal which changes the frequency at a steady rate 
(i.e. Continuous Wave Frequency-Modulated (chirp) system; therefore, the 
modern ionosonde using CW-FM can be also called chirp sounder).  
The sent waves propagate through the atmosphere into the ionosphere; they reach a 
height where the waves are reflected as the plasma frequency equals the wave 
frequency. The reflected waves after a certain time return back the ground. This 
time delay can be used to calculate the reflection height. By using different 
frequencies, the height profile can be determined, i.e. the altitude of ionospheric 
layers can be deduced. The obtained result is displayed in the form of an ionogram 
which represents a graph containing the reflection height against transmitted 
frequency. Nowadays, because of the improved digital techniques, the digisondes 
as a new generation are already in use. 
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Radar (Radio Detection And Ranging) is a technique used for studying and 
detecting remote targets. It works like this: sends a radio wave in the direction of 
the target and observes the reflected wave. By using this technique, range, size, 
angles, etc. of the target can be detected. Radars can be used for searching, 
targeting, navigating, mapping and so on. Several types of radar are used for 
studying the ionosphere. In this case, incoherent scatter radar as an example refers 
to the ground-based technique for studying the ionosphere; one of successful ISR 
in use is given by EISCAT (European Incoherent Scatter Radar). 

Incoherent 
scatter radars 

(ISRs) 
 
 
 
 

ISR sends radio waves mostly in the range of VHF/UHF into the ionospheric 
plasma. The targets are electrons in the ionosphere. These electrons response the 
radar waves, i.e. they can scatter radio waves; as the result, an incoherent scatter 
echo can be created. Because the particles (such as electrons, ions) keep moving in 
all directions, due to their motion towards to the radar (higher frequencies) or away 
from the radar (lower frequencies), the reflection of these targets can be different; 
due to this, the spectrum of the received echo generally contains a range of 
frequencies, which are close to the transmitted frequency. The shape of the echo 
spectrum is associated with the temperatures of some particles. The strength of the 
echo can be measured as well. The more electrons are there, the more power is 
received. So, the measure of the number of electrons gets possible. The measures 
of electron density, temperature, ion temperature, composition and so on are 
possible by using ISRs.  
 

Spaced-based 
measurements 

Description 

Satellite radio-
beacons 

Generally, a transmitter at a known location is called a radio beacon; it sends a 
continuous or periodic radio signal and is supposed to be on a certain radio 
frequency; the information content of the signal is limited. This kind of transmitter 
can be carried by the satellites; the transmissions can be received by a network. 
The application of the satellite radio-beacons has been proven very useful in 
studying the global ionosphere and its irregularities, such as the observations of the 
total electron content (TEC) of the ionosphere, the observations of ionospheric 
scintillations in amplitude and phase of a radio-beacon transmitter; as the result to 
understand more about the irregularities of the ionosphere. 

In situ 
experiments 

This kind of measurement enables to measure the local plasma parameters using in 
situ instruments (such as in situ-probes). The probes are instruments that mounted 
on rockets and satellites that move through the plasma at the certain velocity. They 
provide possibilities to measure plasma parameters such as density, temperature, 
etc. of the ionosphere. Depending on their measuring objectives, there are different 
types of in situ-probes; each kind of probe has its principle of operation. Such as 
for electron density measurements, two basic types called the RF impedance probe 
and resonance probe are in use; for electron temperature measurements Langmuir 
probes are in operation; for ion temperature measurements, retarding potential 
analysers is available, and so on.  

 

2.1.3 Magnetosphere  
 
Since the ionosphere forms the inner edge of the Earth’s magnetosphere and important 
interactive processes exist between these two regions. The interconnection between them 
refers to a new research area called “Magnetosphere-Ionosphere Coupling”. In this case, to 
gain a basic knowledge about this region, just a very basic description about some major 
components of the magnetosphere is given. 
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The Earth's magnetosphere is the region surrounding the Earth in space. The internal field of 
the Earth and solar wind (see the following figure 6) are two factors that decide the properties of 
the magnetosphere. Magnetosphere is controlled by the Earth own magnetic field; it has a 
very dynamic structure; it possesses a rounded compressed side (sunward, dayside) with about 
6–10 RE (Earth radii) and a magnetotail (in the night side). When the charged particles carried 
by the solar wind encounter the Earth, the magnetosphere shields Earth from those particles, 
so that many of them are deflected around the edge of the magnetosphere; as a result, they 
flow into the outer solar system. The remaining particles enter the magnetosphere.  
 

Figure 6: Solar wind 
Source:http://www.astronomygcse.co.uk/AstroGCSE/Ne
w%20Site/Topic%201/sun/solar_wind.htm (23.07.2012) 
Solar wind: a stream of charged particles continuously 

emitted by the Sun. 

 
Figure 7: Major components of magnetosphere 

Source:http://www.windows2universe.org/earth/Magnetosphe
re/overview.html (23.07.2012) 

 
Figure 7 indicates some major components of the Earth’s magnetosphere. (Descriptions of the 
magnetosphere and its major components are based on [A.G, 00], [C.T.R, 00], [D.P.S, M.P], [T.K, 10]: pp.510, 
[IMAGE], [SWC] and [M.P, 06].)  
 
Firstly, it is necessary to mention a space between planets, which is called Interplanetary space; it has 
a plasma environment, under control of the solar wind; it exists of course also between the Sun and 
the Earth; the interplanetary space and the Earth’s magnetic field are separated by means of the bow 
shock/magnetosheath region. 
 

Major components Basic description 

Bow shock The bow shock is a shock wave; it occurs where the solar wind encounters the 
Earth’s magnetosphere. It is responsible for decelerating and deflecting the solar 
wind flow before it reaches the magnetopause. 

Magnetosheath The magnetosheath is the region between the bow shock and magnetopause; it is 
occupied by the shocked solar wind plasma. 

Magnetopause The magnetopause separates the magnetosheath and the magnetosphere. It moves 
inwards and outwards depending on the solar wind conditions. 

Polar Cusp The polar cusps indicate a narrow region where located near Earth's magnetic 
poles facing the Sun and enable the magnetosheath plasma to access ionosphere 
directly. 

Magnetosphere region It contains many parts, such as plasmasphere, radiation belts, the magnetotail, 
lobes, and plasma sheet. 

 34

http://www.astronomygcse.co.uk/AstroGCSE/New%20Site/Topic%201/sun/solar_wind.htm
http://www.astronomygcse.co.uk/AstroGCSE/New%20Site/Topic%201/sun/solar_wind.htm
http://www.windows2universe.org/earth/Magnetosphere/overview.html
http://www.windows2universe.org/earth/Magnetosphere/overview.html


Plasmasphere  
The plasmasphere or the inner magnetosphere is a 
relatively stable region; the plasma is relatively dense 
but cold; it lies near the Earth with about 5 RE and 
rotates with the Earth. It is basically an extension of 
the ionosphere of the Earth, the dense decrease with 
increased altitude. 
 

 
Figure 8: Plasmasphere 

Source:http://pluto.space.swri.edu/IMAGE/glossary/plasma
sphere.html (20.05.2012) 

The radiation belts  
Radiation belts, also known as Van Allen Belts by 
the name of the discoverer of the inner radiation belt 
(James Van Allen in 1958), comprise of particles 
(electrons, protons and heavier atomic ions), which 
originate from solar wind and cosmic rays. These 
particles can get trapped in the Earth’s magnetic 
field; they are dangerous and can cause radiation 
damage to such as spacecraft, electronics and injure 
people. At the same time, the trapped electrons and 
ions are very energetic, although the belts have low 
density. 
Radiation belt is mainly distinguished into inner and 
the outer radiation belt.  
  

Figure 9: Van-Allen-Belts 
Source:http://covertress.blogspot.com/2010/02/solar-
wind-stream-to-reach-earth-around.html (20.05.2012) 

 The inner radiation belt lies approximately 1000 to 6000 km from the Earth's surface, and consists 
mainly of highly energetic protons.  

 The outer radiation belt lies between 15000 and 25000 km from the Earth's surface and consists mainly 
of highly energetic electrons. 

Magnetotail 
The magnetotail is a long tail region in the night side of the magnetosphere. It is formed by pressure from the 
solar wind to the Earth’s magnetosphere and provides the main source for polar aurora. 

Lobes 
The tail lobes are a large region of the magnetotail between the magnetopause and the central plasma sheet; 
they extend far from Earth and have opposite magnetic direction: the lobe north of the equator points towards 
Earth, the south one points away from Earth. 

Plasma sheet 
The plasma sheet is a sheet of plasma. It extends down the magnetotail and separates two lobes. It is a rather 
dynamic region. Its thickness, density and energy change greatly, and the plasma often flows rapidly in various 
directions, particularly earthward. 
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2.2  Fundamentals of Signal Analysis 
 

2.2.1 Signals and its characteristics 
 
Signal can be defined as a carrier for information, i.e. the physical presentation of information. 
It can also be referred as a function with respect to independent variables such as amplitude, 
time, frequency, etc. According to its some characteristics, signal can be mainly classified to 
analog signals, time-continuous signals, time-discrete and digital signals. An analog signal 
can take any values at any time. So its value and time are continuous. A digital signal can 
only take a certain range of values (e.g. binary signal, 0 and 1) at a certain time, so its value 
and time are discrete. Furthermore, if the signal takes the discrete value at any time, it is 
called time-continuous (or continuous-time) signal; vice versa, it takes the continuous value at 
a certain time it is called time-discrete (also called discrete-time signal or sampled-data) 
signal.  
 
Just like the following figure shows: the horizontal axis indicates the time; the vertical axis 
indicates time function S (t) (a function of time variable t). The input analog signal is 
quantified and sampled both in time and time function, as the result to get a digital output 
signal. 
 

 
Figure 10: Conversion from analog signal to digital signal 

 
In accordance with the various application areas, the signals can be characterized in little 
different ways. In this case, focusing on the point of view of measurements, based on [A.T] 
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and [S.W.C], the following figure as a simple overview shows an example to characterize 
signals: 
 

 
 

Figure 11: Characterizing signals 
 
Mathematically representing signals, the sinusoidal signal function ( )2sin()( 0tfAts  ) and 

cosine signal function ( )2cos()( 0tfAts 

)cos(xeix 

) are generally very important in signal processing. 

In the case of both signal functions, as we see, amplitude (A), time (t) and frequency (f0) are 
very essential parameters used for describing the characteristics of signals. On the other hand, 
according to Euler's formula  (e: the base of a natural logarithm, i: the 
imaginary unit, x: any real numbers), the sinusoidal signal can be described: 

)sin(xi

 
tfjAetfjAtfAts 02

00 )2sin()2cos()(    (1.36) 

Moreover, other important parameters: angular frequency ω ( ), phase φ (time 

difference between two signals) are also introduced into representing the signal.  
00 2 f 
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Signals Description 
 

static Signal, which its values do not obviously change with time, is termed as static signal. 

dynamic Signal, which its values change with time, is termed as dynamic signal. This kind of 
signal can be mainly divided into deterministic and nondeterministic signal. 

deterministic This kind of signal is predictable, reproducible, and measurable without any problem; 
each value of signals is fixed and can be determined with the help of mathematical 
methods. This kind of signal can be distinguished from periodic and aperiodic. 

Periodic Signal, which repeats itself with some period T at a regular interval, is termed as 

periodic signal. E.g. . This kind of signal can be subdivided 
into simple periodic and complex periodic signal. 

2)sin()sin(  TTxx

Simple periodic For example, a function for a simple periodic signal is as follows: 

)2cos()( 00   tfAtsp (1.37), here period is
0

0

1

f
T  ,   is phase. 

Complex periodic For example, a function for a complex periodic signal is as follows: 

)2cos()( 0
1

0 n
n

np tnfAAts   




 (1.38) 

aperiodic Signal, which does not repeat at a regular interval, is termed as an aperiodic signal. As 
the example for time-continuous signal, this kind of signal can be distinguished from the 
step and pulse signal. 

Two important step signals are well-known: unit step signal and ramp signal. 
Unit step signal:  
Signal, which its amplitude is zero, if time is less than 0; otherwise its amplitude is one, 
is termed as a step signal. The mathematical expression for this kind of signal is as 
follows: 





 


)(1

)0(0
)(

else

t
tu  (1.39), this function is also called unit step function. 

step 

Ramp signal: 
Signal, which its amplitude is zero, if time is less than 0; otherwise its amplitude 
increases proportionally with increased time, is termed as a step signal. The 
mathematical expression for this kind of signal is as follows: 
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)0(0
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elsekt

t
tramp  (1.40), this function is also called ramp function. 
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pulse Signal, which is restricted at a certain time interval and changes suddenly, shortly in a 
quantity, is termed as a pulse signal. The mathematical expression for this kind of signal 
is as follows: 
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else

t
t  (1.41). As an example of the pulse signal, an important basic 

signal is called impulse signal, which its amplitude is zero everywhere except at zero. Its 
mathematical expression is as follows: 
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(1.42). This function is called unit impulse or impulse function, 

also called Dirac delta function δ (t). In fact, the impulse function is not really a 
function; it can be also expressed as the limit of a function (a limiting case of the pulse 
signal) as follows: ),(lim)

0
tf 


 (1.43). Here f (Δ, t) defines any function, when Δ 

trends towards 0, function with an infinite height. 
 
Moreover, with the help of an infinite set of equally-spaced impulses, the impulse train 
(also called comb function) can be defined. Its mathematical expression is as follows: 

 (1.44). Here T is the period of the comb function (also the 

distance between the impulses). The following figure (based on [T.T, 99]: The impulse 
train) illustrates the impulse function and the Dirac impulse train. The arrows show the 
infinite values of the function.  







n

T Tnttcomb )()( 

 

 
Figure 12: Impulse function and comb function 

 
The sampled and periodic signal can also be expressed by a periodic Dirac impulse train. 

Nondeterministic Nondeterministic signals, also called random signals, are random or irregular (such as 
noise). Their values are random at any given time; this kind of signal is not predictable 
and reproducible. They can only be characterized statistically. 

Table 2: Static and Dynamic Signals 
 
(Descriptions of the characteristics of signals are based on [A.T], [BJ.F, 02], [D.H, 00], [E.A.G, SM, 
IEEE, M.C G.L, 06], [K.H.R, 08], [K.W.C, 85], [M.S, R.B, M.H], [R.V.J, 04] and [T.T, 99]. The 
equation 1.36 is based on [D. Ch. V. G, 01]: pp.18 and [C.R, V.J, R.M, 08]: pp.8. Equations 1.38 and 
1.39 are based on [D. Ch. V. G, 01]: pp.25 and pp.22. Equations 1.40 and 1.43 are based on [E.A.G, 
M.C G.L, 06]. The equation 1.41 is based on [D.H, 00]. The equation 1.42 is based on [T.T, 99]: The 
impulse signal. The equation 1.44 is based on [D. Ch. V. G, 01]: pp.20.) 
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2.2.2 Signal in Time Domain and Frequency Domain 
 
As mentioned before, amplitude, time and frequency as parameters for describing signals play 
a very important role. A signal is represented with the help of dimensions of amplitude versus 
time; this kind of signal is defined as a signal in time domain. The oscilloscope is often used 
equipment for measuring and displaying signals in time domain. The displayed graph is 
termed as waveform. In contrast, the signal is represented with the help of dimensions of 
amplitude versus frequency; this kind of signal is defined as a signal in the frequency domain. 
A spectrum analyzer is commonly used equipment for measuring and displaying signals in the 
frequency domain. The displayed graph is termed as a spectrum. Different kinds of signals 
have different kinds of spectrum. Frequency domain measurement is also called spectrum 
analysis (or frequency analysis). 
 
In general, the representation of time-domain signal is often used. Signal waveforms contain 
more information, but it is difficult to extract and evaluate them. Therefore, in practice, due to 
the complexity of signal analysis in time domain, many signal analysis is often performed in 
the frequency domain. The transform between time-domain signal and the frequency-domain 
signal is already available. According to Fourier, adding shift, scaled sine waves together can 
produce any real signal waveform; in other words, the time-domain signal can be represented 
with the help of one or more sine waves of amplitude, frequency and phase. The 
transformation from time-domain signal to frequency-domain makes sine waves into 
separated sine wave or individual spectral components; making evaluation of each is easier. 
At the same time, the inverse transform is also possible.  
 
The following figure (based on [AT]: Spectrum Analyzer Basics, Application Note 150, pp.4) 
shows an example for a signal measurement in the time domain and frequency domain; there 
are a three dimensional coordinates: Amplitude A, time t and frequency f; two spectra are 
shown in frequency domain measurements; due to the relationship between time domain and 
frequency domain, this means corresponding two sine waves in time domain measurements. 
 

 
 

Figure 13: Time-domain and frequency-domain signal 
 
 

2.2.3 Signal Analysis Basics 
 
In this subchapter, in order to understand very basic principle of some functions of the applied 
digital measuring devices, some basics for signal analysis (such as Fourier series, Fourier 
transform, linear time-invariant system, etc.) are introduced in brief. The referred 
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mathematical expressions are considered as the supplementary to help understanding these 
basics in some degree. The detail, inference and more explanation of them can be found in 
related textbooks or literatures. 

2.2.3.1 Fourier Series (FS) 
 
The Fourier Series is used for representation of periodic time-domain signal. According to 
Fourier, adding cosine, sine waves together can produce such signal waveform; based on [C.R, 
V.J, R.M, 08]: pp.10, its mathematical expression can be expressed as follows: 
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In the case of Fourier Series, there are some limitations. Addition to signal being periodic and 
continuous, the function is integrable; the frequencies are harmonic. I.e. the frequencies of the 
signal: f=kf0 is also called harmonics. The first harmonic is f (i.e. f0); the second harmonic is 
2f……and so on.  
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2.2.3.2 Fourier Transform 
 
As mentioned before, Fourier Series has some limitations. However, many signals are not 
periodic, i.e. aperiodic. Fourier transform is introduced into as expansion, which is used in 
many areas; as a mathematical background for signal analysis is very necessary. Based on the 
Fourier Transform, with the development of digital signal processing, Discrete Fourier 
Transform and Fast Fourier Transform enable the Fourier Transform to be computed digitally. 
 

2.2.3.2.1 Fourier Transform (FT) and Inverse Fourier Transform (IFT) 

 
The transformation between time domain and frequency domain is based on Fourier 
Transform and Inverse Fourier Transform. The mathematical expression of general dynamic 
signal by FT is as follows: 

dtetsfS ftj 2)()( 



       (1.46)  
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The mathematical expression for IFT is as follows: 

dfefSts ftj 2)()( 




      (1.47) 

 
The transformation from time domain to frequency domain can also expressed simply as 
follows:     

)()( fSts          (1.48) 
 
 
On the other hand, the transform between time and frequency domains under LTI (Linear 
Time-Invariant) system theory can be illustrated as follows: 
 

 
Figure 14: Fourier Transform and Inverse Fourier Transform 

 
Referring to [S.W.S, 99: pp.87-90, pp.107-111] and [D.H, 00], a system defines any process 
in which an input signal has an output signal as a response. Linear time-invariant (LTI) 
system as an important type of systems is applied in many technical areas (such as signal 
processing). The LTI system has to comprise two mathematical properties: linearity and time-
invariance. (Equations 1.46, 1.47 and 1.48 are based on [D. Ch. V. G, 01]: pp.28. Equations 1.49, 
1.52-55 are based on [D. Ch. V. G, 01]: pp. 44-45.) 
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LTI system Descriptions 
Linearity Linearity defines the linear relationship between input signal and output signal. 

Linearity consists of two mathematical properties: homogeneity and additivity. 
 Homogeneity means if there is a change in input signal, there is also a 

corresponding change in output signal. As an example, an amplitude change in the 
input signal results in a corresponding amplitude change in the output signal.  

 Additivity means if there is added signal in the input; such signals pass through the 
system without interacting; there is added up signals in the output. 

time-
invariance 

Time invariance means if there is a time-delay in the input signal resulting in a 
corresponding time-delay in the output signal. As an example, an input  
s(t) results in an output g(t), if there is a time delay T seconds in application for 
input (i.e. s(t-T)), there is a corresponding one for output: g(t −T).  
i.e. for LTI system, due to its properties, the following expressions with 

 are valid:   )()( tgtsF ii 

 )()()()( 22112211 tgatgatsatsaF   and  )()( TtgTtsF ii   

F in this case means Fourier Transform of the input signal. 

A function called impulse response h(t) (defined as an output of a system, when the 
input of this system is delta function δ (t)) can be used for characterizing LTI 
system. As soon as knowing how a system responds to an impulse, an important 
approach called convolution makes calculation of the output signal for any given 
input signal possible.  
Convolution provides a mathematical operation to combine two functions such as f1 
and f2, producing a third function 213 * fff   (*: a symbol for convolution). Its 

mathematical integral can be expressed as follows: 

  (1.49)  dtfftftftf )()()(*)()( 21213  




Moreover, the convolution contains also those properties: commutativity, 
distributivity and associativity, as the example shown as follows: 

 commutativity : )(*)()(*)( 1221 tftftftf   

 distributivity : ) 3 tt )(*()(*)())()((*)( 121321 fftftftftftf    

 associativity : ))(*)((*)()(*))(*)(( 321321 tftftftftftf   

Convolution 

For an arbitrary input signal s(t), Dirac impulse function δ (t), the output signal 
 can be expressed as follows:   )()( tsFtg 

  (1.50)  dFtsdtsFtg 








 )}({)(})()({)(

If h (τ) =F {δ (τ)}, the output integral g (t) can be expressed as follows: 

 dtshtsthtg )()()(*)()(  




 (1.51) 
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If the input signal s (t) is a sinusoidal function, it can be expressed as complex 

exponential form ; this leads the following expression: 
ftjets 2)( 

  dehtsthtg tfj )(2)()(*)()( 




     (1.52)   dehe fjftj 22 )( 




 

According to equation (1.46),  (1.53) dtethfH ftj 2)()( 




 

According to equation (1.48),   (1.54) )()( fHth 
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  (1.55) 

According to , i.e. (1.56) )()( fGtg  )()()(*)( fSfHtsth  

Table 3: LTI system and its important properties 
 
 

2.2.3.2.2 Discrete Fourier Transform (DFT) 

 
The transformation from a discrete periodic time signal into a discrete periodic frequency 
spectrum is called discrete Fourier Transform. It is different as DTFT (Discrete Time Fourier 
Transform, dealing with discrete time and aperiodic signal); it is also as an approximation of 
FT and distinguished between real DFT and complex DFT, which means representing signals 
using a set of real numbers or complex numbers. These numbers are generated with the help 
of sampling process and conversion from analog signals to digital signals. Its definition can be 
derived as follows: 
First of all, as before mentioned equation (1.15), the time-continuous signal s(t) after FT is 
expressed as S(f),  

dtetsfS ftj 2)()( 



  

 
In this case, second of all, instead of the time-continuous signal s(t), by means of sampling 
process, the samples like s(nTs) is used for getting time-discrete signal. Ts is the time interval 
between samples, also called sampling period. The sampled frequency-domain signal can be 
expressed like following: 
 







n

s
fnTj

ss TenTsfS s2)()(  (1.57) 
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Instead of using infinite number for samples, using a limited numbers N of samples (this 

process is called windowing), and using 
s

s T
f

1
  (also called sampling frequency or 

sampling rate), the sampled and windowed frequency-domain signal can be expressed like 
following: 
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(1.58) 

 
In this case, the minimum value of sampling frequency fs has to be at least two times as high 
as the bandwidth of the input signal; otherwise a phenomenon called aliasing will occur. The 
representation of the produced spectrum using DFT also depends on the sampling frequency. 
The higher the sampling frequency is; the produced spectrum is closer to the theoretically true 
spectrum.  
 
Due to the periodic characteristic of DFT, frequency f can also be expressed with the help of 

fs like this: 1)-2,3...N 1, 0,(k.....
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The expression for sampled and windowed frequency-domain signal can be as follows: 
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(1.59) 

 

At the end, using N

f
f s , the expression for discrete Fourier Transform can be as follows: 









1

0

2

)()(
N

n

N
jkn

s enTsfkS


        (1.60) 

 
In order to effectively calculate the DFT, there is a computer algorithm that called Fast 
Fourier Transform is often used in digital signal processing. (Equations 1.56-1.60 and the related 
descriptions are based on [D. Ch. V. G, 01]: pp.106 and [C.R, V.J, R.M, 08]: pp.17-20.) 

 
 

 

 

 45



 
 
 
 

 
 
 

Part III 
 

Data Analysis Concept 
 
 

Data and its properties,  
 

Data Analysis considering as a process, and  
 

Consideration for experimental design 
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3 Data Analysis Concept 
 
Before talking about data analysis, it is necessary to review data and its properties; therefore, 
in this chapter, first of all, they are represented concisely. Second of all, in order to understand 
better the measured data, understanding the experimental design is also important; the data 
acquisition strongly depending on it; at the same time, the accuracy of the collected data is 
concerned with it as well. In the third place, to make a suitable data analysis concept with 
respect to this dissertation, the factors or components relating to the data analysis are listed 
here. 
 
 

3.1 Data and Its Properties 
 
Data can be described as a collection of facts or items of information. They refer to qualitative 
and quantitative properties of variable or variables. Observations of a set of variables, images, 
photographs, movies on videotape, books, etc. are all examples of data.  
 
In the view of observed or experimentally measured data, referring to [D.L, 09], just like the 
following figure shows: 

 
Figure 15: Data and its Properties 
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Firstly, the source of data can be distinguished into dependent data and independent data. 
Secondly, the main types of data can be separated to dependent variables and independent 
variables. Furthermore, the dependent and independent variables both can be further 
subdivided into qualitative and quantitative variables. At the same time, qualitative and 
quantitative dependent/independent variables both can be refined to discrete and continuous 
variables. Most cases of data are assumed as independent. Independent data are referred to as 
these data that do not depend on each other for different subjects. For the same subject, 
Independent variables are described as those variables that do not depend on another variable. 
Vice versa, the dependent variables mean the variables depend on the other variables. 
Quantitative variables include data that is in form of numbers, i.e. can be ordered or ranked. 
Qualitative variables include data that is in form of words, can be classified, e.g. small or big, 
hot or cold, long or short. Discrete variables are counted and can only take certain values. 
Continuous variables can take any value within a given range. 
 
Generally, data is the result from individual measurements. The first type of data which is 
directly gathered from measurements can be defined as raw data. Raw data is unprocessed. It 
is only a collection of outputs from measuring devices. In order to get information of interest, 
data analysis is the necessary step. The application field of data analysis is not only in all of 
the sciences, but also in business, in administration, and in policy.  
 
Data analysis can be defined in different ways depending on the aims of data collection. Data 
analysis can be represented as a body of methods. With the help of these methods, describing 
facts, detecting patterns, developing explanations, and testing hypotheses get possible [J.H.L, 
T.B.R, 94-02]. Another idea is mentioned by [MSHS, TAC, 06]: data analysis can be 
presented as a part of the process to find a meaningful way for using data; it can be also 
understood as a set of connected activities that are considered to find out the meaningful 
information for the gathered data. 
 

3.2 Data Analysis Considered as a Process 
 
In the present case, according to procedures of the performed measurements, data analysis is 
taken into account as a process. Data analysis focuses not only on finding ways working with 
the data itself, but also--before conducting the actual data analysis--on getting an organized 
overview about the measurements and a red thread for managing the measuring information. 
This kind of organization and management helps considering further steps analyzing the 
obtained data. Figure 16 illustrates the process of data analysis. Based on  [MSHS, TAC, 06], 
the process is represented by a set of important components (also denoted as connected 
activities) including Goals, Questions, Data Collection, Data Analysis Procedures and 
Methods, Interpretation and Evaluation.  
The components Goals and Questions should be considered before the experiments are 
carried out. Goals give the information about the reason of data collection and the collected 
data type. Questions as the supplement for Goals can be considered in the following manner: 
“WWWWH” (What, Who, Where, When and How). 
 “What”: Before the experimental data is obtained, the goals of the data gathering, the 

data type of interest should be known. What do the experimenters expect to find out? 
 “Who”: Who did the experiments or who will do or who leads the experiment? If the 

experiments are taken by us, the questions about collecting data can be answered by 
ourselves; if the data collection was or will be taken by someone else, the 
corresponding questions should be asked. 

 “Where and When”: Where and when were/will the experiments (be) taken? 
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 “How”: How were/will the experiments (be) taken? How will the data be collected? 
And so on. 

  

 
Figure 16: Process of data analysis 

 
The further description of these components is introduced in the following table 4. 
 

Important components Description 
Goals This component is also denoted as “What”, containing the reason for 

the data collection, the type of the gathered data.  

Questions This component is used for supplementing the objectives. As examples 
of questions can be WWWWH (“What”, “Who”, “Where”, ”When” 
and “How”). 
With the help of these questions, the guidance can be created. 
Questions can be asked or listed before the data collection and during 
the data analysis. Depending on the collected data type, there is the 
corresponding data analysis. 

Data Collection This component gives the information for answering the questions. It 
includes two subcomponents: data acquisition system and data storage.  

Data acquisition system In this case, this subcomponent can be considered as a part of an 
experimental design. Due to the objectives of the data collection, the 
appropriate measuring devices are selected. These devices decide the 
possibility of the data storage and enable to do data analysis (such as 
signal analysis). As an example, appropriate oscilloscopes or/and 
spectrum analyzers are necessary devices used for the current 
measurements. The export of the numerical data from the oscilloscope 
is generally only in text, .xls (Excel) and .mat (Matlab) format. 
Furthermore, taking a hard copy for the displayed signal waves is also 
possible. 
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Data Storage This subcomponent comprises how much data ought to be collected. 
Depending on the data-acquisition devices, it decides how the data is 
compiled and stored. 

Data Analysis Procedures or 
Methods 

With the help of this component, “what is going on” could be found 
out. Depending on the collected data type, the methods used for data 
analysis are also different. In comparison to the qualitative data, the 
data analysis of numerical data is simpler.  
The number indicates the typical value. The difference between values 
can be found easily. In the present case, the data type is quantitative. 
Therefore, several methods or strategies for the kind of quantitative 
data are shortly reviewed here.  
Moreover, this component contains two subcomponents: Data 
visualization and data treatment (pre- and post-treatment). 

Visualizing data Data visualization provides the first “feeling” about the collected data. 
Data analyst can choose familiar software or tools to accomplish this 
target. 

Data pre-treatment This subcomponent classifies or organizes the collected data. 
 The collected data can be characterized firstly, to find out what 

can be done and thought for the next data analysis step. 
 The gathered data can also be classified depending on the way 

“How data are collected”. 
 After the classification, the collected data ought to be 

organized or managed. How the organization or management 
are made that depend on the objectives of the data analyst or 
how far the data analysis reaching.  

If data needs more filtering after this process, data post-treatment is 
active. 

Data post-treatment In this sub process, “filtered data” (data after pre-treatment) can be 
treated again, such as visualizing the filtered data. The Data after post-
treatment are denoted as the results of the data analysis. 

Interpretation 
and 

Evaluation 
 

The component Interpretation has the task to explain the analyzed 
results of the gathered data to find out what the results mean.  
The component Evaluation makes a review of what we learned from 
the collected data. 
 

Table 4: Activities of data analysis process 
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3.3 Consideration for the Experimental Design 
 
The data are gathered by different measurements. According to [D.L, 09], [I.N, 08] the 
uncertainty of measured data exists always. Before a measurement is taken, a good 
experimental design is very important. The following figure indicates the experimental design 
generally contains the selection of measuring devices, choosing the measuring techniques, and 
so on. The measurement setup, the choice of instruments, measurement technique, etc. are 
related to the accuracy of the measuring results. They are the reason for occurring systematic 
errors. Systematic errors and random errors are two general classes of experimental errors. 
Systematic errors, considered as an influence factor for the accuracy of measuring results, stay 
constant for any repetition of the measurement. This kind of error can be avoided with the 
help of calibration. The random errors, considered as an influence factor for the accuracy of 
measuring results, appear unpredictable due to different reasons. This kind of error can not be 
eliminated, but may be reduced with the help of repeating measurements many times or 
statistical analysis. This kind of consideration is also a necessary step for “How do” the data 
collection. 

 
Figure 17: Experimental design 
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Part VI  
 

Experiments based on Ionospektroskop 
 
 

Ionospektroskop, 
Associated Considerations for Measurements and Data 

Analysis, 
Performed Experiments using Ionospektroskop 
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4 Experiments based on Ionospektroskop 
  

4.1 Ionospektroskop 
 

4.1.1 Ionosphere in view of our Experiments 
 
In practice, simulating the ionosphere in the laboratory depends on a lot of factors. In the 
present case, “Ionospektroskop” is taken into account. However, due to the limitations of the 
current laboratory conditions, there is only possible to do laboratory partial simulation of the 
ionosphere surrounding. For the future work, if there are improved laboratory conditions, 
simulating possibilities based on Ionospektroskop could be expanded and enhanced. In order 
to obtain a first simple imagination of the Ionospektroskop, the following table gives a quite 
brief comparison between the ionosphere and the Ionospektroskop. The five parameters (the 
latitude, the air pressure, air composition, the temperature, and the electron density) are 
mentioned for describing the basic composition of the ionosphere, and little additional 
information is also present. The details of Ionospektroskop are given by the following 
chapters. (The values of ionospheric parameters are based on [M.G.K, C.T.R, 95]: pp.196-198, 
[UTD], [ROB, 10], [J.P, M.C, B.C, N.H].) 
 

Ionosphere  versus  Ionospektroskop 
Parameters Ionosphere Ionospektroskop 

D between 50 or 60 to 90 km X 
E between 90 and 150 km - 

F1 between 150 and 180 km 
F2 from 180 km and above 

- 

Latitude 
 
 
 
 

In the current case, due to the limitations of the applied pump, the end pressure can 
reach max. 0.05 mbar, therefore just the partial simulation of the ionosphere is 
available. The following listed parameters are associated with the D layer. 

Air pressure Approx. 0.02  mbar Max. 0.05 mbar 

Air composition Neutral atmosphere and ionic species, 
predominant ions at daytime: 

NO ,  
2O

 
- 

Temperature -76° C Room temperature 

Electrons density Approx. 107 to 1010   m-3 

 
Approx. 3.9 x109 m-3 

Others Ionosphere Ionospektroskop 

Ionization source Mainly solar radiation, additional 
important source: precipitating energetic 

particles 

Direct current combining 
interruption contact and glow 

discharge 
Patches of ionization Irregular Reproducible 

Boundary No real boundary between the plasma 
in the ionosphere 

Confined by the vessel 
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4.1.2 Structural Example of the Ionospektroskop  
 
The Ionospektroskop is thought of as a new measuring arrangement that provides a laboratory 
partial simulation of the ionosphere surrounding; it has to handle the adaptation to the 
ionospheric conditions which must be reproduced in the laboratory. The feasibilities of the 
Ionospektroskop are examined with the help of different basic experiments under reproducible 
conditions. As well as the investigation of the most important properties of the created 
ionosphere-like plasma is under reproducible test.  
Several laboratory experiments based on Ionospektroskop are carried out. Due to the 
objectives of experiments, additional devices are added to the Ionospektroskop forming 
several subsystems to accomplish each experimental aim. These subsystems are coupled to 
the Ionospektroskop; some of them can separately work without interacting with the created 
ionosphere-like plasma; some of them interact with it. These experiments are such as the 
laboratory plasma generation (simulating the ionosphere-like plasma), experiments taken for 
investigating the plasma emission, experiments taken for investigating several electrical 
characteristics of the generated plasma, and so on. 
 
The structure of Ionospektroskop can be described by means of several components. It mainly 
contains an acrylic glass discharge tube, several electrodes, Pair of Helmholtz-coils and the 
vacuum system (pump). 
 

Ionospektroskop 

Acrylic glass discharge 
tube 

The length and diameter of the acrylic glass discharge tube are 750 mm and 150 
mm; its wall thickness is 10 mm. The both sides of the tube are sealed up by 
acrylic caps. Cap in one side makes the connection among the tube, hose and the 
pump possible. According to needs, the tube can be evacuated in a different 
degree. Furthermore, the tube is positioned in the North-South direction of the 
geomagnetic field. Acrylic glass has similar isolation property as glass. Due to the 
fact that it is possible to generate high temperature arc within the tube. As a result, 
it may cause the tube explosion. Acrylic glass holds the advantage that it is not 
easy to be broken. This also makes inserting needle electrodes to the tube 
possible. With the appropriate arrangement of electrodes and by applying suitable 
voltage, the ionization of gas can take place in the tube. 
 
Flat electrodes (copper-zinc disk electrodes) 
Normally, to create plasma, a simple way is that a discharge tube and two 
electrodes (anode and cathode) are used. In this case, there are two disk electrodes 
with the 50 mm diameters separately built-in the front and back side of the cap of 
the tube. They are applied for creating plasma under the condition of by applying 
high voltage and at low air pressure. The generated plasma can be adjusted by 
changing the setting of the pressure, temperature and humidity.  

Electrodes 

Spherical electrode (copper-zinc) 
In the current case, if there is just two disk electrodes arrangement in use, the 
generated plasma shows only one-time and instable. In order to generate 
reproducible plasma under a defined state, a spherical electrode is also in use. 
With disk electrodes together, they build a three-electrode arrangement. The 
spherical electrode is coupled to the anode disk electrode and attached outside of 
the acrylic cap.  
At the same time, the spherical electrode combines a flat foil (as another 
electrode) forming an interruption contact. A tiny distance (called spark gap) 
exists between the spherical electrode and the flat foil. It is adjustable by means of 
a micro screw meter. In this case, it is regulated from 1.1 to 1.65 mm. By using a 
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suitable high-voltage, a spark electrical discharge can be created between the 
spherical electrode and flat foil. This kind of continuous spark electrical discharge 
makes the gas discharge between the two disk electrodes under a reproducible 
situation.  

Needle electrodes (rod-shaped/pencil electrodes) 
Seven pairs of symmetric needle electrodes are partly inserted to the discharge 
tube. They are not earth-fixed in voltage (free-floating) and have a direct 
connection with the created plasma. Because discharging phenomena can occur in 
the tube, in order to avoid two needle electrodes influencing each other 
(capacitive charging), the diameter of electrodes is less than 1.4 mm. The distance 
between two electrodes is around 70 mm. The length is 45 mm: 20 mm is at 
outside of the tube; 15 mm is inserted in the tube. The external part of these 
electrodes can be attached to devices. In other words, needle electrodes provide a 
kind of measuring bridge between the created plasma and the measuring devices. 
 
Helmholtz-coil enables to produce a homogeneous magnetic field. The magnetic 
fields generated by the Helmholtz-coil can affect the generated plasma in the tube. 
The geomagnetic field vector can be described by three components X, Y, and Z. 
They are orthogonal to each other and describe northerly intensity, easterly 
intensity and vertical intensity. In order to have a simulation with closeness to 
reality, three pairs of Helmholtz-Coils are positioned around the acrylic glass tube 
in three directions (X, Y and Z).  

Pairs of Helmholtz-
coils 

- X-direction pair of Helmholtz-coils with the diameter 31 cm is set up vertically 
in the longitudinal direction of the acrylic glass tube. The distance between the 
coils is 12.5 cm. 
- Y-direction pair of Helmholtz-coils with the diameter 47.8 cm is set up parallel 
in the longitudinal direction of the glass tube. The distance between the coils is 
27.2 cm. 
- Z-direction pair of Helmholtz-Coils also with the diameter 31 cm is set up 
vertically in the cross direction of the acrylic glass tube. The distance between the 
coils is 35.6 cm. 
 

Pump 
 

The air pressure depends on its weight. The height, the density, and temperature 
also play significant roles. The higher is, the less dense the air becomes. There is 
almost no air pressure in the ionosphere. Pump gives the possibility to create a 
vacuum or a near case of the vacuum. The low pressure environment is generated 
with the help of the pump. This is also the precondition for the plasma generation 
in this case. 
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The following simple sketch shows the structural example of the Ionospektroskop: 
 

 
Figure 18: Simple sketch of the structural example of the Ionospektroskop 

 
The following photograph shows the practicable example of Ionospektroskop in the 
laboratory: 
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4.2 Associated Considerations for Measurements and Data Analysis 
 

4.2.1 Principal Arrangement of Measuring System  
 
In order to arrange the measurement, an experimental design can be taken into account. 
Surely, the aim of the experiments decides every step of an experimental design. As previous 
subchapter 3.3 mentioned, like the following figure (already given in subchapter 3.3) shows 
the necessary steps of the measurements: the selection of measuring devices, choosing the 
measuring techniques, and so on. The measurement setup, the choice of instruments, 
measurement technique, etc. are related to the accuracy of the measuring results. 
 

 
 
In practices, the first step is to decide an aim-orientated measuring system; the choice of the 
appropriate equipment is a part of it. Before the main measurements start, it is necessary to do 
some pretests with the purpose of measuring the initial values (for later measurements) and 
examining some preconditions, so that it is not only helpful to make the right decision for 
selecting the suitable devices, but also to obtain useful information for justifying and 
calibrating devices. In order to increase the accuracy of the measurement results, the devices 
in use should be calibrated. Furthermore, according to the requirements, measurements are 
taken repetitively to reduce the measurements’ error in some degree. 
 
Performed measurements are mainly structured as follows: objective of the measurement, 
overview of selected devices, measurement setup, measurement result and discussion. 
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According to needs, some additional descriptions or/and operating principle are also given. In 
order to describe the measuring setup in a simple way, there are simple sketches as 
supplementary. However, it should be noticed that these sketches are not thought for 
illustrating the complete setup systems; they only indicate the setup of the current experiment 
and just give an easier presentment.  
 

4.2.2 Laboratory safety 
 
In the present case, the plasma generation requires the presence of the high-voltage source. 
Therefore, it is necessary that operators and visitors keep a safe distance. At the same time, 
many measuring devices are turned on. These applied devices should be used under a safe 
condition. Several considerations are listed here. 
 

Checklist for keeping the measuring devices safe 
Considerations Purpose 

power outlet strips In this case, because many devices are used at the same time, in order to avoid 
the problem possibly caused by the many electrical connections, star-connection 
of the socket is necessary. Several power outlet strips are applied. 

Air humidity To generate plasma under a defined state, the spark gap (the tiny distance 
between the spherical electrode and the flat copper-zinc foil) plays an important 
role. The regulated distance depends on the air humidity; it is shorter on a wet 
day. This should be regarded. 

ELWE Tesla 
transformer 

It is considered as a test variation used for generating an external 
electric field around the Ionospektroskop. It can be used to check 
the influence caused by the external electric field for the measuring 
device. In comparison to the Heinzinger HVPS (High Voltage 
Power Supply), the generated E-field by the Tesla transformer is 
weaker. If there is something wrong with this weaker E-field, it 
means the measuring devices should not be used in the course of 
the Heinzinger HVPS active. 

RFT variable 
transformer ST 

240/4 

This device is used for checking the spark generation in 
air caused by the ELWE Tesla transformer. The master 
control of the variable transformer must be regulated to 
links, before it is in operation.  
 

 
A product from company Siemens, it is a 
frequency and period average measuring 
device for frequencies between 0 Hz 
and approx. 150 MHz; it provides a 8 digit 
display.  

Counter Siemens 
B2032 

On one hand, it accumulates the number of events (oscillations or pulses) taking 
place in a certain time period. On the other hand, it works together with the 
Geiger counter SV 500 radiation measuring device; they can be thought of as the 
controller: such as for the cosmic ray background (consists of charged high 
energy particles coming from far outside the earth). Theses particles could 
demonstrate the influence in our experiment. In this case, if the counter shows 
high numbers; the tube should be not in work.  
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Geiger counter SV 
500 radiation 

measuring device 
Bundeswehr 

A product from company FAG Kugelfischer, it contains 
Beta-Gamma-probe, so, it supplies the possibility to 
measure beta and gamma radiation. 

 

4.2.3 General Consideration for the Process of the Measurements 
 
In this subchapter, a chart flow diagram for a consideration of the process of the 
measurements is represented. This diagram helps to understand, manage, and analyze the flow 
of the performed measurements. 
Experiments based on the Ionospektroskop start always from the fundamental experiment: 
plasma generation. The generation follows roughly theses steps:  

1) Turn on the pump, after appropriate time turn on the high-voltage power supply 
(HVPS). 

2) Adjust the current and voltage values of the HVPS, adjust the spark gap 
3) Check the plasma generation, is there plasma in presence? If not, repeat the 2) step. 
4) If yes, check the state of the generated plasma. Because the plasma emits light, our 

eyes as a rough initial scale perceive the light to give the first impression such as 
observing changes in the spatial structure of the plasma (whether the whole volume of 
the acrylic glass tube is filled with the luminary phenomena); changes in brightness or 
colour of the plasma; fluctuation and instability of the plasma. Additionally, because 
the plasma conducts electricity, a new checking method based on Clamp-on ammeter 
is in use and this kind of method by means of oscilloscope demonstrates also a visible 
observation. A reproducible waveform with values is displayed when the plasma 
reaches a defined state. If the state does not reach the defined state, repeat steps ex 2). 

5) As soon as the plasma reaches the defined state, the further experiments for 
investigating the generate plasma can be taken. 

6) These measurements are distinguished in two categories: measurement with the 
impact on the plasma state and without impact on the plasma state. If measurements 
are without impact on the plasma state, data collection can be directly taken. If with 
impact, a combination between two categories is taken (see 4.2.4).  

7) After all measurements are finished, turn off the pump and HVPS 
8) At the end, data analysis of the collected data is done. 
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Start generating plasma  

 
 

 
Turn on pump, high-voltage 

power supply (HVPS) 
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End: analyze saved measuring results in the case of without and with impact on plasma 
state, find out the results difference in each state, then attempt to understand and 

interpret basic properties of the generated plasma in each state 



4.2.4 Data Collection in this Work 
 
 

 
Figure 19: Data collection in this case 

 
No matter which kinds of experiments are taken, the data collection is an essential step. In this 
case, the data collection just like the above figure illustrated can be considered as two parts.  

 One is the decision part: the data acquisition systems. This depends on the selected 
instrumentations. In this case, often used devices are LeCroy oscilloscopes; they 
enable outputs (waveforms store) as Excel file, ASCII file, etc., waveform on the 
display screen can also be printed as a hard copy (save as an image). Some 
oscilloscopes in older version can display waveform, but they have no direct or 
modern data output possibilities. Experimentalists can record the measuring values 
and/or take photos of the displayed waveform. Other devices such as a device with a 
simple analog or digital indicator, the measured data are read and wrote down by the 
experimentalists.  

 
 Another part is the data storage. This depends on the data acquisition systems. Due to 

the most usage in LeCroy oscilloscope, most measured data can be directly thought of 
as a bivariate plot; i.e. the values of the measured data are plotted of variables against 
one another. This kind of plot can be saved as a hard copy or other formats such as 
Microsoft Excel file (*.xls) containing data set: two columns (normally time and 
amplitude) and many rows.  The trivariate plot means that three variables (such as 
time, frequency, and amplitude) can be shown on the LeCroy oscilloscope display; the 
possible output can be saved as a hard copy: all three variables are present. However, 
for an output as an excel file, the numeric data set contains only two variables (time 
and amplitude).  

 
 Additionally, how to collect the data is very important as well. In this case, because 

the plasma generation under a defined state is always as the primary concern. The 
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collected data can be treated as data collection before the plasma generation and after 
the plasma generation. If the performed measurements have impact on the plasma state, 
then the data collection becomes a bit hard. Several steps can be concerned as follows:  

 

 
Figure 20: How to collect data 

 
o First of all, in order to make a comparison between the data collection in two cases 

(before and after the plasma generation), the initial values of each measurement 
(before the plasma generation) should be collected.  

 
o Secondly, the measurements with influence on the plasma state are complicated than 

the measurements without influence on. Therefore, a measurement without effect 
upon the plasma state (e.g.E1) can combine the measurement with effect upon 
(e.g.E2). The change in plasma state can be determined by E1. The procedure is like 
this: The initial values of E1, E2 have to be firstly collected before the plasma 
generation. Then E1 is carried out and the first data collection is taken when the 
plasma reaches the defined state. In this state, the E2 is turned on, it influences the 
plasma state. The data collection of E2 is taken. At the same time, the second data 
collection of E1 is also taken. The state change caused by the E2 can be determined by 
comparing the results from the first and second data collection of E1. 

 
o At the end, the collected data are ordered in data pre-treatment. 

 

4.2.5 General Consideration of the Data Analysis Method 
 
Data analysis methods or procedures help to find a way to focus on the measured data and 
find out what is going on. In this case, the data analysis method includes three subcomponents: 
visualizing data, data pre-treatment, and data post-treatment.  
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Figure 21: Data analysis method 

 
 Data visualizing offers the first feeling about the measured results. Applied devices 

play a key role. Oscilloscopes and spectrum analyzer enable to directly display the 
signal waveform or spectrum. As mentioned before, in this case, LeCroy oscilloscopes 
are often used. If the outputs from LeCroy oscilloscopes are as EXCEL, ASCII, etc. 
file, these numeric data need additional appropriate software tools to realize the 
visualization. (I have programmed a small matlab program (see Appendix I) that 
enables to load the *.xls file, plot the values, and save the current plot as an image. At 
the same time, if there are many xls files in an order, they can also be read, plotted one 
after another, and showed like a movie.) Other devices without direct data output 
possibilities, the measured data are written down by experimentalists and these data 
can be typed in the PC, then by using suitable software tools (such as Microsoft Excel 
or Matlab) to visualize them. 

 
 Data pre-treatment deals with an initial analysis process. The measured data can be 

classified: initial values (Vinitial), intermediate values (the first data collection, Vint), 
final values (Vfinal), fluctuation values (the second data collection, Vfluct), and the 
change values (Vchange). The data collection of initial values is as a reference. The data 
collection after the generated plasma reaching the defined state is intermediate values. 
The final values are the difference between the initial values and the intermediate 
values. If the data collection is taken in the case of the plasma state changed (i.e. 
Vfluct), the change in the plasma state (Vchange) is determined by the difference between 
the fluctuation values and the final values.  

 

 
Figure 22: An initial analysis process 
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 After the data pre-treatment, the data are organized and managed than before. This 
kind of data can be called filtered data. Data post-treatment deals with the filtered data. 
These data can be visualized again according to needs. Data after post-treatment are 
the result of the data analysis.  

 
 Then data are interpreted and evaluated. This process is done in each experimental 

part: measuring results and discussion. The reviewing understanding from data is done 
in the chapter 4.3.6. 

 

 
Figure 23: Data interpretation and evaluation 

 
 
 

 64



4.3 Performed Experiments using Ionospektroskop 
 

4.3.1 Overview of Performed Experiments in this Work 
 
The following table gives a brief overview of the performed experiments based on 
Ionospektroskop. The related measurement description in detail is given in the following 
subchapters. 
 

Performed 
Measurements 

Description 

Plasma Generation The ionosphere is an occurrence of natural plasma; it is partially ionized 
plasma. Under certain lab conditions, it is possible to generate this kind of 
plasma. To achieve the aim (do partial simulations of the ionosphere), the first 
necessary and dominate step is to generate an atmospheric surroundings as 
similar as the ionosphere. In order to study the properties and behaviours of the 
generated plasma, the state of generated plasma plays also an important role. 
Therefore, the generated plasma should reach a defined state.  

Checking experimental 
environment 

There ought to be as few as possible disturbances in the experimental 
environment. The goal of this experiment is the enabling to control the fields’ 
variation in our local laboratory environment. By means of this measurement, 
control of the laboratory measuring environment is assured.  This kind of 
measurement is taken before the ionospektroskop active and in the course of 
the ionospektroskop active. The measuring frequency range is from 0 to 50 
MHz. In order to detect the fields’ variation, aim-oriented high inductive 
resonance antennas and corresponding amplifiers ought to be present. Three 
inductive inductors are in use. They are respectively setup in the North-South 
(N-S), East-West (E-W) and vertical (Z) direction. Three associated amplifiers 
are also in use. The data acquisition system should hold the ability to acquire 
and display the signals of interest.  

Floating potential 
measurements 

Ionosphere-like plasma created by the Ionospektroskop has a similar 
characteristic (no earth connection and no reference point) as the ionosphere 
holds. In order to investigate this kind of free-floating plasma, a measuring 
technique called floating measurement is required. With the help of the 
configuration of the Ionospektroskop and based on this kind of measuring 
technique, measuring the electrical properties (such as voltage) of the free-
floating plasma gets easier. With the help of suitable devices such as high-
voltage passive probes, various oscilloscopes, there are different measurement 
options available to achieve the floating measurements. Moreover, a new idea 
based on the Clamp-On Ammeter is also thought to be a proper measuring 
technique. 

Rogowski based coil 
measurements 

Ionosphere-like plasma created by the Ionospektroskop represents a similar 
electric characteristic as the ionosphere holds. In order to look into this kind of 
characteristic of the generated plasma, a well known measuring technology 
called Rogowski coil current sensing technology is required. Based on the 
operating principle of this measuring technology, measuring the electrical 
properties (such as the current) of the created plasma gets easier. In the present 
case, the coil in use is a kind of steel wire coated with zinc (called Rogowski 
based coil). This coil is arranged as the closed coil. It is applied for sensing the 
rate of the current change flowing through the vacuum tube when the plasma 
reaches the defined state. With the help of an attenuator probe and an 
appropriate oscilloscope, the sensed electrical signals can be displayed. 
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4.3.2 Experiment: Plasma Generation 
 

4.3.2.1 Objective 
 
The ionosphere is an occurrence of natural plasma; it is partially ionized plasma. Under 
certain lab conditions, it is possible to generate this kind of plasma. To achieve the aim to do a 
laboratory partial simulation of the ionosphere, the first necessary and dominate step is to 
generate an atmospheric surroundings as similar as the ionosphere. In order to study the 
properties and behaviours of the generated plasma, the state of generated plasma also plays an 
important role. Therefore, the generated plasma should be under a defined state. The plasma 
generation system in the present case consists of the high-voltage power supply (HVPS), the 
interruption contact, the acrylic glass discharge tube and a vacuum pump. 
 

4.3.2.2 Overview of Selected Devices  
 
Devices associated 
with high voltage 

 

Purpose of use: Because of the positive and negative charge carriers, electrically 
charged particles exist in the air; the air became conductive. Especially due to the 
characteristics of the ionosphere (different regions, ionization caused by solar 
radiation etc.), the presence of the high voltage in a different direction and strength 
is obvious. With the help of high-voltage sources, it is possible to create the 
closeness to reality of ionospheric environment. In our case, the Heinzinger high-
voltage power supply provides successful possibilities to generate plasma under a 
defined state. The LEYBOLD high-voltage power supply is used to take several 
pretests.  

 Description Figure 
A product from company Heinzinger, its 
voltage- and current control is continually 
adjustable. The output voltage and current 
are separately  

Heinzinger 
HNCs 35000-5 

High-voltage Power 
Supply 

 
displayed in an analog form by meters. Its output voltage is: 70 to 35000 V ± 7 V 
DC and output current limit is: 0 to 5 mA. 

LEYBOLD High 
voltage Power 

Supply 
 

A product from company LEYBOLD, it 
provides a DC voltage which is continuously 
adjustable up to 10 kV. Its output current is 
limited that is less than 100 mA at voltages over 
5 kV. The output voltage is displayed in digital 
form by an integrated voltmeter. 
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Further devices Description Figure 

 
A pump from company ILMVAC, its type is 
301010-1 P3S. The flow rate is 3.7 m3/h. It is 
applicable in the range of the low vacuum. The 
ultimate pressure is 3 x 10-2 mbar. Actually 
reached ultimate pressure is 5.5 x 10-2 mbar. 
Purpose of use: The air pressure depends on its 
weight. The height, density and temperature 
also play influenced roles. The higher is, the 
less dense the air becomes.   

ILMVAC Rotary 
vane pump 

There is almost no air pressure in the ionosphere. Therefore, using a pump in the 
case gives the possibility to create a vacuum or low pressure environment. In our 
measurements, it works at all times during generating the plasma.  

Galaxair vacuum 
pump 

A product from company Galaxair, it is a two-
stage pump. The model is 2VP-71. Its flow rate 
is 4.26 m3/h, the required voltage is 240V/50 
Hz, and the maximum achievable vacuum 
pressure is to 3 x 10-2 mbar (<25 µ or 3 Pa).  
Purpose of use: it is as an additional and 
backup vacuum pump to create a vacuum or 
low pressure environment. 

Purpose of use: As a powerful device, oscilloscope is well-known for observing 
and displaying the waveforms of electric signals. It measures the frequency of 
signals, peak value of signals. With the help of various useful functions, it enables 
the signal analysis in the time domain and the frequency domain. They are 
significant not only as the measuring devices, but also as the analytical 
instruments. According to needs, these LeCroy oscilloscopes in this case are used 
in different measurements; sometimes even two of them are used for the same 
measurement, in order to get a comparison.  

LeCroy WaveRunner 44Xi 400 MHz 
Oscilloscope 5 GS/s 

LeCroy WaveRunner 104Xi-A 
1 GHz Oscilloscope 10 GS/s 

A product from company LeCroy 
possesses four input channels; its 
bandwidth is 400 MHz and the max 
sampling rate is 5 Giga samples per 
second. Typical rise time is 875 ps. 

A product from company LeCroy 
offers four input channels; its 
bandwidth is 1 GHz and the max 
sampling rate is 10 Giga samples per 
second. Typical rise time is 300 ps. 

LeCroy 
Oscilloscopes 
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LeCroy WaveRunner 6200 A 
2 GHz Oscilloscope Dual 10 Gs/s 

Quad 5Gs/s 

LeCroy SDA 820Zi-A 20 GHz Serial 
Data Analyzer 4 x 40 GS/s 

It is also a product from company LeCroy 
and contains four input channels. The 
bandwidth is 2 GHz and its max sampling 
rate of dual is 10 Giga samples per 
second. The max sampling rate of quad is 
5 Giga samples per second. Typical rise 
time is 225 ps. 

As well a product from company 
LeCroy, it contains also four input 
channels. The bandwidth reaches 20 
GHz and its max sampling rate is 40 
Giga samples per second. At the same 
time, its input capability is selectable: 
50 ohm and 1 Mega ohm. Typical rise 
time is 22 ps. 

 

LeCroy peakTech 
2165 LCR METER 

Dual Display 

A product from company LeCroy, it is used for measuring 
Inductance (L), Capacitance (C), and Resistance (R) of an 
electronic component.  
Purpose of use: In order to provide basic values for later 
measurements, it is used for pre-test and measuring the initial 
LRC values of Helmholtz-coils, before the Helmholtz-coils is 
used for generating a homogenous magnetic field. Additionally, 
it is also used for measuring the initial LRC values of different 
probes. 

 

A product from company LEYBOLD provides possibilities to 
demonstrate the electrode less discharge in a glass sphere 
(approx. 10 cm in diameter) which is filled with the He/Ne gas 
and placed on a plastic support. Meanwhile, there is the ring-
shaped coil (4 turns) girdling on the middle surface of the glass 
sphere; the coils can be supplied by  

LEYBOLD Ring-
shaped discharge 
tube on support 

high-frequency AC current. To verify the electric flux lines surrounding the 
magnetic field of the ring-shaped coil is also possible. 
Purpose of use: in this case, it is used for a floating measurement. 

 

4.3.2.3 Laboratory Conditions for the Plasma Generation 
 
In practice, it is possible in a normal lab to generate cold plasma under some certain 
controlled conditions such as gas at low pressure, suitable voltage value, appropriate distance 
between electrodes etc. The laboratory conditions are given as follows:  

 The working gas: room air is used. 
 

 Pressure: with the help of a vacuum pump (works at all times) a low pressure 
environment within the discharge tube is generated. As the result, the discharge tube is 
partially evacuated. In the other words, the working gas in the discharge tube is the 
evacuated air (i.e. gas at low pressure). 
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 The discharge configurations: consist of the high voltage power supply, the 

interruption contact (formed by an asymmetric electrodes arrangement: a flat foil 
electrode and a spherical conductive electrode) and the acrylic glass discharge tube 
(with a symmetric electrodes arrangement: containing two disk conductive electrodes): 

o The symmetric electrodes arrangement: Two disk electrodes with the 50 mm 
diameters are built in the front and back side of the cap of the acrylic glass discharge 
tube (one is anode, anther is cathode). The distance between these two electrodes is 75 
cm; it is not adjustable.  

o The asymmetric electrodes arrangement: one spherical electrode is in use. It is 
coupled to the anode disk electrode and attached outside of the cap of the acrylic glass 
discharge tube. This spherical electrode and another electrode (a flat foil electrode) 
form the asymmetric electrodes configuration. I.e. the spherical electrode combines 
the flat foil as an asymmetric electrode pair forming an interruption contact. The flat 
copper-zinc foil is a constituent element of a high-voltage connection cable; the other 
side of this cable is a special connector connected to the anode of the high voltage 
power supply. (The simple sketch for these configurations is already illustrated in the 
figure 18.) 

o Based on Paschen's law (if the applied voltage is fixed, characterizing discharge using 
pD, i.e. the sparking potential as a function of the product of pressure p and distance 
between electrodes D, [D.E.S]: pp.12), the asymmetric electrode pair and a sufficient 
high-voltage source are responsible for generating a repetitive electrical spark (shown 
as a kind of single filament). The gap spacing between the asymmetric electrodes 
(spark gap) can be adjusted by a micro screw meter (normally regulated from 1.1 to 
1.65 mm). Due to the fact that creating a high enough potential difference between 
two electrodes, the working gas (our case: room air) at air pressure will break down 
into electrons and positive ions resulting in a gas discharge. The normally applied 
voltage value of the high voltage power supply is about 10 kV. However due to some 
influence factors such as air humidity, the adjusted value can vary from 8 kV to 16 kV. 
At the same time, a current with a value varying from 0.6 mA to 0.9 mA is also used. 
(A test method for investigating the relationship among the asymmetric electrodes 
spacing variation, the applied high-voltage, and the current will be introduced in the 
following chapter 4.3.5.4: pretests.) 

o The reason for using the interruption contact in this case is to enable the plasma 
generation under a reproducible situation. Owing to the asymmetric electrodes 
configuration, the repetitive spark enables the glow discharge taking place in the 
discharge tube under a defined state. Normally, the generate plasma is under a defined 
state when the spark repetition is approximately equal to a value from 0.1 ms to 0.3 
ms and the gap spacing is equal to a value between 1mm and 3 mm.  

o In this work, the method of the plasma generation is defined as a direct current 
combining interruption contact and glow discharge.  

 
Actually, it is very difficult to understand or explain the process for creating plasma in detail. 
A simplest explanation ([PPPL, 05]: pp.30, [J.B.C, 02]) for a process starting to create plasma 
(for the plane-parallel electrodes) is so-called “electron avalanche”: by applying an electric 
field (e.g. the use of a high-voltage power supply), a single free electron accelerates, as soon 
as it obtains enough energy (sufficient to ionize a typical neutral atom), it collides with a 
neutral gas atom and ionizes it, as the result, a second free electron is created. Then these two 
electrons take sufficient energy and ionize two neutral gas atoms, and create more free 
electrons, and so on. This process is termed as an exponential process. The positive ions 
created in this kind of avalanche process are attracted by the cathode (sooner or later colliding 
with it) and in some case can also free new electrons at the cathode that plays an important 
role to sustain the plasma. (A good introduction/summary for electrical discharges, gas 
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discharges and Plasma Breakdown of Low-Pressure Gas Discharges can be found in [J.B.C, 
02], [D.E.S] and [E.W, 06]: pp.2-8, pp.15-28.) 
 
For a short conclusion, the mentioned laboratory conditions for the plasma generation are 
associated with the current work. In fact, in the present case, two main kinds of gas discharges 
may be involved. 

 One is the electrical spark (spark discharge) due to the interruption contact 
configuration. This configuration applies an asymmetric electrode pair arrangement at 
atmospheric pressure; with the help of a DC high-voltage power supply (high voltage 
value in kV and small current value in mA) the potential difference between electrodes 
is present. As a result, the visible spark can be produced and jumped from one 
electrode to another. In other words, the gas between two electrodes becomes 
conductive. 

 Another is the glow discharge accruing within the discharge tube that contains a 
symmetric disk electrode pair. The working air is at low pressure (end pressure of the 
pump: 0.05 mbar). As soon as the spark is created, the spark gap is with a suitable 
distance and the gas in the discharge tube is partially evacuated, the glow discharge 
process within the discharge tube takes place. An observation of this generating 
process is like this: By regulating the voltage and the current value of the HVPS and 
the spark gap spacing, for the interruption contact configuration, a filament-like spark 
is created at first. It enables to conduct electricity. After a very short time, some areas 
in the anode disk electrode start to glow in the form of a bright point, and then several 
filaments (could form into a bunch) are created and directed towards the cathode disk 
electrode. Some areas in the cathode disk electrode act similarly. Continuing to adjust 
the spark spacing (if it is necessary), after a short while, the created plasma can reach a 
defined state which the plasma seems to glow homogenous and the luminary 
phenomena seems to be filled in the whole volume of the discharge tube.   

 
In the current case, by means of the experimental configuration and the check method for the 
state of the created plasma (observing the visual appearance of the created plasma and an 
oscilloscope-based observation: mentioned in the following subchapters), a defined condition 
for the created plasma is present. As mentioned before, the known parameters are the applied 
voltage and current value of the HVPS, the adjusted gap spacing, the distance between two 
disk electrodes, the volume of the discharge tube, the end-pressure of the vacuum pump. 
Some of these known parameters are used for estimating the parameters of the created plasma 
such as the electron density and the plasma frequency (given later). However, the mechanism 
of the combination of these two gas discharges is not well understood. In the future, the 
separated investigation of the interruption contact configuration, of the glow discharge in the 
discharge tube and the investigation of the combination of them should be taken. The 
relationship between the physical structure, brightness of the created plasma and the 
mentioned known parameters could be investigated to gain the knowledge of the mechanism 
of this kind of combination (and more additional parameters such as the air humidity, the 
pressure within the discharge tube under control, etc. as well as the interaction between these 
parameters should be taken into consideration). 
 

4.3.2.4 Plasma State in the Present Case 
 
In fact, the plasma state is very difficult to reach a stable case; the reason is that the 
temperature or density gradients result in the plasma instabilities. At the same time, because 
of the contact between the plasma and the vessel surface, the plasma conditions are very hard 

 70



to keep exactly same from one day to the next, sometimes even happen in a very short time 
interval. In other words, it is also very difficult to reproduce the exact same plasma. In the 
present case, by means of the generating method of the plasma (direct current combining 
interruption contact and glow discharge), the generated plasma can reach a defined state. It is 
reproducible if several control conditions are satisfied: because the plasma emits visible light, 
our eyes can be as a rough initial scale to perceive the light (observing the visual appearance 
of the created plasma). This gives the first impression such as observing changes in the spatial 
structure of the plasma (whether the whole volume of the acrylic glass discharge tube is filled 
with the luminary phenomena); changes in brightness or colour of the plasma; fluctuation and 
instability of the plasma.  
Additionally, because the plasma conducts electricity, a new checking method based on 
Clamp-on ammeter is used and this kind of method by means of oscilloscope demonstrates 
also a visible observation. Normally, if the plasma state reaches a defined state, we see that 
the plasma is relatively bright and presents low fluctuation; the whole volume of the acrylic 
glass discharge tube is filled with the luminary phenomena and it seems to look like 
homogenous. At the same time, the new checking method introduced in brief in the following 
subchapter supplies a reliable measuring current result to indicate the defined state. The 
following figure 24 shows an example of the states of the created plasma: The upper one 
represents the created plasma under the defined state; the lower one illustrates a counter 
example. 
 

 
 

Figure 24: An example of the states of the created plasma  
 

4.3.2.5 New Checking Method for the Plasma State 
 
The following figure 25 shows: The selected devices for this new checking method are 
Clamp-On Ammeter and the Tektronix digital oscilloscope. The Clamp-On Ammeter in this 
case combining with the oscilloscope to demonstrate the measured result; it is gripped on the 
cable (separately connected to a pencil electrode pair: upper and under), with the help of BNC 
to banana plugs connecting the Clamp-On Ammeter and TDS Oscilloscope, the measured 
electric voltage signal can be displayed by the oscilloscope. The Tektronix oscilloscope shows 
the result and the waveform. Normally, if the plasma reaches the defined state, the measured 
voltage signal lies in a time interval 376 ns, the voltage value according to the selected 
electrode pair gives a range of maximal voltage from around 2 V to 4 V and a range of 
minimal voltage from around 140 mV to 280 mV. This kind of checking method can also be 
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categorized into the floating measurements, which are described later in detail (Setup and 
Results example see the chapter 4.3.4.5 Floating Potential Measurements using Clamp-On 
Ammeter I). 

 
Figure 25: Checking method for the plasma state 

 

4.3.2.6 Estimation of the electron density and the plasma frequency 
 
In this case, to determine the electron density ne, the plasma frequency ωpe and the critical 
frequency pe  of the generated plasma, the electrical parameters: the discharge voltage and the 

discharge current of the high-voltage power supply (HVPS) are taken into account. Under the 
defined state of the created plasma, as mentioned before, the adjusted voltage value can vary 
from 8 kV to 16 kV. At the same time, a current with a value varying from 0.6 mA to 0.9 mA 
is also used. Several assumptions have to be paid attention as follows: the main charge 
carriers are electrons due to their light mass. These carriers are accelerated by the electric 
field. They travel a distance equaling the length of the acrylic glass discharge tube with a 
certain velocity. The cross-section area of the generated plasma can be regarded as the area of 
the circle (the acrylic glass discharge tube is thought of as a cylinder). The relation among the 
discharge current, the electron density and the plasma frequency, the critical frequency can be 
expressed as the following equations:  
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Where the e is elementary charge, vol is the volume of the acrylic glass discharge tube, ve is 
the electron drift velocity, L is the length of the acrylic glass discharge tube, me is the electron 
mass, ε0 is the vacuum permittivity. The equations (4.2) and (4.3) have been mentioned in the 
chapter 2.1.2.2.2 Fundamental Characteristics of Plasma: pp.25. 
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The electron velocity and the volume can be determined by the following equations: 
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Where U is the discharge voltage of the HVPS and r is the radius of the acrylic discharge tube. 
So, the equation (4.1) can be also expressed as: 
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The electron density can be determined using the following equation:  
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The required constants and the measured discharge current and voltage are given in the 
following tables. Based on these given equations, the electron density, the plasma frequency 
and the critical frequency can be determined. 
 

The required constants values Unit 
e 1.602176565x10-19 C 

me 9.10938291x10-31 kg 
r 0.075 m 

The measured discharge current I [A] The measured discharge voltage U [V] 
0.0006 8000 
0.0006 9000 
0.0006 10000 
0.0007 11000 
0.0007 12000 
0.0008 13000 
0.0008 14000 
0.0008 15000 
0.0009 16000 

 The calculated electron 
density ne [e/m3] 

The calculated plasma 
frequency ωpe [Hz] 

The calculated critical frequency 
νpe [Hz] 

3994825156 3565664.022 567493.0546 
3766357276 3462201.087 551026.417 
3573080242 3372196.83 536701.7945 
3974598063 3556625.511 566054.5308 
3805387928 3480094.195 553874.1936 
4178398240 3646669.847 580385.5319 
4026405292 3579730.031 569731.7294 
3889877068 3518515.506 559989.1351 
4237151936 3672218.8 584451.7741 

Average:  3938453467 3539323.981 563300.9068 
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The electron density is one of the most characteristics for structuring the ionosphere. As 
mentioned before (chapter 4.1.1 Ionosphere in view of our Experiments), the D layer of the 
ionosphere holds an electron density from approximate 107 to 1010 m-3. By means of this kind 
estimation of the electron density for the created plasma, the determined electron density is 
approximately equal to 3.9x109 m-3. It is comparable to the electron density of the D layer of 
the ionosphere. Based on the determined electron density, the plasma frequency (approx. 3.5 
MHz) and the critical frequency (approx. 0.56 MHz) can be calculated as well. 
 

4.3.3 Experiment: Checking Experimental Environment  
 

4.3.3.1 Objective  

 
There ought to be as few as possible disturbances in the experimental environment. The goal 
of this experiment is the enabling to control the fields’ variation in the local laboratory 
environment. With the presence of high inductive detectors and a frequency measuring range 
taken from 0 kHz to 50 MHz, control of the laboratory measuring environment is assured. 
This kind of measurement is taken before the ionospektroskop active and in the course of the 
ionospektroskop active.  
  

4.3.3.2 Overview of Selected Devices 
 

 
Checking Experimental Environment 

Three large coils are used.  They are also 
specially manufactured for the geomagnetic 
field measurements. They contain a square 
iron corn with the 

High inductive 
detectors 

dimension: 40 mm x 40 mm x 1000 mm. The weight is 30 kg; the diameter is 10 cm, and 
the number of turns is 108,400. Three coils are separately set up in the north-south, east-
west and vertical direction. Surely, the “Measuring cases” (mentioned later in the 
subchapter 5.3.1) can be also used for this kind of measurement. The third measuring 
case can be aligned in the vertical direction. 
Purpose of use: Used to detect the possible electromagnetic disturbances in the local 
laboratory environment. 
 

LeCroy 
WaveRunner  

6200 A 2 GHz 
Oscilloscope 

A product from company LeCroy contains four input 
channels. The bandwidth is 2 GHz. The max sampling 
rate of dual is 10 Giga samples per second. The max 
sampling rate of quad is 5 Giga samples per second. 
Typical rise time is 225 ps. 
Purpose of use: Used for visualizing signals in the 
time and frequency domain.  

 

4.3.3.3 Measurement Setup 
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 Three special amplifiers are also used. They are separately connected to the three high 
inductive detectors. 

 
 Three high inductive detectors are set up apart from others in the north-south, east-

west and z direction and connected to the channel 1, channel 2 and channel 3 of the 
LeCroy WR 6200A. 

 

 
 

Figure 26: Setup for checking experimental environment 
 
  

4.3.3.4 Measuring results and discussion 
 
In this measurement, data analysis process following such steps like the figure shows:  
The initial values are given at first. The intermediate values are the average values that are 
calculated using the values from three testes. The final values are these values after the 
comparison between the initial values and the average values. The final value is thought of as 
the measurement values that are represented as graphical and tabular and suitable for the data 
interpretation.  
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Initial values without the presence of the plasma 
 
The following table gives the initial values detected by the high inductive detectors in the N-S, 
E-W and Z directions. These values are not from the measurements taken in one day; they are 
the results of comparing the initial data taken in three different days. The most illustrated 
values appear almost every time and there are small digit differences after the decimal point. 
 

Detector placed in the N-S 
direction 

Detector placed in the E-W 
direction 

Detector placed in the z 
direction 

4.20 - 4.20 
6.26 - 6.26 
8.43 - 8.43 

12.56 12.56 12.56 
16.74 16.74 16.74 
18.77 18.77 18.77 

- 20.89 20.89 
29.13 - 29.13 
31.33 - 31.33 
33.25 33.25 33.25 
37.50 37.50 37.50 

- 41.66 41.66 
43.73 43.73 43.73 

 
 
 

Frequency 
[MHz] 

- 45.71 45.71 
 
The graphical representations of these initial values in three different days are shown as 
follows: 
 

Initial values (detector placed in the N-S 
direction) in three days from top to bottom:  
Sep.06.2012, Sep.07.2012 and Sep.14.2012 

Initial values (detector placed in the E-W 
direction) in three days from top to bottom:  
Sep.06.2012, Sep.07.2012 and Sep.14.2012 
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Initial values (detector placed in the Z direction) in three days from top to bottom: 

Sep.06.2012, Sep.07.2012 and Sep.14.2012 

 

 

 
 

Examples of measuring values with the presence of the plasma 
 
In this measurement, there was no external magnetic field present. The measurement was 
taken with the presence of these measurements: “Pair of Helmholtz coils as inductor” and 
“Optical spectroscopy” (given by my colleague Mr. M.Sc. M. Matalqah in his work).  
Three tests were separately taken in Sep.06.2012, Sep.07.2012 and Sep.14.2012. Their 
graphical representations of these measuring values in three different days are shown as 
follows: 
 

Measuring values (detector placed in the N-S 
direction) in three days from top to bottom: 
Sep.06.2012, Sep.07.2012 and Sep.14.2012 

Measuring values (detector placed in the E-W 
direction) in three days from top to bottom: 
Sep.06.2012, Sep.07.2012 and Sep.14.2012 
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Measuring values (detector placed in the Z direction) in three days from top to bottom:  

Sep.06.2012, Sep.07.2012 and Sep.14.2012 
 

 

 

 
 
The graphical representations of the comparison 

between the initial and the measuring values 
placed in the N-S direction in Sep.06.2012: 

The graphical representations of the comparison 
between the initial and the measuring values 
placed in the E-W direction in Sep.06.2012: 
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The graphical representations of the comparison between the initial and the measuring values placed in 
the Z direction in Sep.06.2012: 

 

 
The graphical representations of the comparison 

between the initial and the measuring values 
placed in the N-S direction in Sep.07.2012: 

The graphical representations of the comparison 
between the initial and the measuring values 
placed in the E-W direction in Sep.07.2012: 
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The graphical representations of the comparison between the initial and the measuring values placed in 
the Z direction in Sep.07.2012: 

 

 
The graphical representations of the comparison 

between the initial and the measuring values 
placed in the N-S direction in Sep.14.2012: 

The graphical representations of the comparison 
between the initial and the measuring values 
placed in the E-W direction in Sep.14.2012: 
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The graphical representations of the comparison between the initial and the measuring values placed in 
the Z direction in Sep.14.2012: 

 

 
The following table gives the measuring values. The average values are calculated from the 
values of three tests. Moreover, in order to give a direct overview between the initial values 
and the average values, the values from both cases are listed again. 
 

Detector placed in the N-S 
direction 

Detector placed in the E-W 
direction 

Detector placed in the z 
direction 

Test 
1 

Test 
2 

Test 
3 

Avg. Test 
1 

Test 
2 

Test 
3 

Avg. Test 
1 

Test 
2 

Test 
3 

Avg. 

- - - - - - - - - 2.05 2.11 2.08 
3.10 3.25 3.21 3.19 3.10 3.25 3.21 3.19 3.10 3.25 3.21 3.19 
4.15 4.18 4.21 4.18 - - - - 4.15 4.18 4.21 4.18 
6.19 6.21 6.28 6.23 6.19 6.21 6.28 6.23 6.19 6.21 6.28 6.23 
8.34 8.34 8.43 8.37 - - - - 8.34 8.34 8.43 8.37 
12.59 12.49 12.54 12.54 12.59 12.49 12.54 12.54 12.59 12.49 12.54 12.54 

- - - - - - - - 14.51 - 14.55 14.53 
16.69 - 16.64 16.67 16.69 16.68 16.64 16.64 16.69 16.68 16.64 16.64 
18.75 18.75 18.72 18.74 18.75 18.75 18.72 18.74 18.75 18.75 18.72 18.74 
20.89 - - 20.89 - 20.81 - 20.81 20.89 20.81 20.91 20.87 

- 22.88 22.88 22.88 - - - - 22.8 22.88 22.88 22.85 
29.19 - - 29.19 29.19 - - 29.19 - 29.11 29.20 29.16 
31.30 31.30 31.35 31.32 31.30 31.30 - 31.32 31.30 31.30 31.35 31.32 
33.31 33.35 33.30 33.32 33.31 33.35 33.30 33.32 33.31 33.35 33.30 33.32 
37.52 37.41 37.49 37.47 37.52 37.41 37.49 37.47 37.52 37.41 37.49 37.47 
41.56 41.68 41.66 41.63 - 41.68 41.66 41.67 41.56 41.68 41.66 41.63 
43.7 43.72 43.74 43.72 - - 43.74 43.74 43.7 43.72 43.74 43.72 

 
 
 
 

Freq. 
[MHz] 

- 45.35 - 45.35 - - - - 45.73 - 45.91 45.82 

 81



 
Comparing the initial values and the average values 

Detector placed in the N-S 
direction 

Detector placed in the E-W 
direction 

Detector placed in the z 
direction 

Initial Average Initial Average Initial Average 

- - - - - 2.08 
- 3.19 - 3.19 - 3.19 

4.20 4.18 - - 4.20 4.18 
6.26 6.23 - 6.23 6.26 6.23 
8.43 8.37 - - 8.43 8.37 
12.56 12.54 12.56 12.54 12.56 12.54 

- - - - - 14.53 
16.74 16.67 16.74 16.64 16.74 16.64 
18.77 18.74 18.77 18.74 18.77 18.74 

- 20.89 20.89 20.81 20.89 20.87 
- 22.88 - - - 22.85 

29.13 29.19 - 29.19 29.13 29.16 
31.33 31.32 - 31.32 31.33 31.32 
33.25 33.32 33.25 33.32 33.25 33.32 
37.50 37.47 37.50 37.47 37.50 37.47 

- 41.63 41.66 41.67 41.66 41.63 
43.73 43.72 43.73 43.74 43.73 43.72 

 
 
 
 

Freq. 
[MHz] 

- 45.35 45.71 - 45.71 45.82 

 
First of all, one thing has to be noticed: although some initial values are not exactly equal to 
the average values, as mentioned before, for the initial values, there are small digit differences 
after the decimal point. In the present case, for the average values, the small digit differences 
after the decimal point will not be thought of as different values as the initial values.  
 
With the presence of the plasma, the measuring values in three different days show two kinds 
of spectra. One is the sharp spectra lines that are similar as the spectrum of the initial values 
(collected without the presence of the plasma). Another is a kind of spectra lines with the 
broader width.  
 
On the one hand, frequencies of the sharp spectra lines are measured. With the help of 
comparison between initial frequency values and the average values, gray marked rows are 
considered as equal to the initial values, i.e. there are not the measurement data. The yellow 
marked rows are also thought of as negligible for the measurement data. Two frequencies 
value 2.08 MHz, and 14.53 MHz are detected in the Z direction. The frequency value 3.19 
MHz is detected in three directions. The frequency value 22.88 MHz is detected in the X 
direction and 22.85 in the Z direction; the value is taken as 22.8 MHz in the both direction. 
According to compare the entire initial values, 2 MHz is obviously as a regular increment. 
Therefore, 2.08 MHz, 14.53 MHz and 22.8 MHz are also thought of as negligible values. 3.19 
MHz can be considered as the measuring result in this case. According to the estimated 
plasma frequency (approx. 3.5 MHz), it could be possible that the 3.19 MHz belongs to the 
plasma frequency. 
 
On the other hand, frequencies of the spectra lines with the broader width are also measured. 
The measuring results are presented in the following table.  
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With the presence of the plasma, lines spectra with broader width 

Sep. 06 Sep. 07 Sep. 14 
Detector placed in the N-S 

direction 
Detector placed in the N-S 

direction 
Detector placed in the N-S 

direction 

1  - - 
3.19 3.19 3.19 

32-35 (middle frequency: 33.25) - - 
Detector placed in the E-W 

direction 
Detector placed in the E-W 

direction 
Detector placed in the E-W 

direction 
- - 1 

3.19  3.19  3.19  

5-7  
 (middle frequency: 6.26) 

5-7  
 (middle frequency: 6.26) 

5-7  
 (middle frequency: 6.26) 

15-18  
 (middle frequency: 16.74) 

15-18  
 (middle frequency: 16.74) 

15-18  
 (middle frequency: 16.74) 

22-26  
(middle frequency: 24 ) 

23-25  
(middle frequency: 24 ) 

22-25  
(middle frequency: 24 ) 

31-36  
(middle frequency: 33.25) 

32-34 
(middle frequency: 33.25) 

32-34 
(middle frequency: 33.25) 

Detector placed in the Z 
direction 

Detector placed in the Z 
direction 

Detector placed in the Z 
direction 

3.19  3.19  3.19  

 
 
 
 

Freq. 
[MHz] 

23-26  
(middle frequency: 24 MHz) 

22-27  
(middle frequency: 24 MHz) 

23.5-27  
(middle frequency: 24 MHz) 

 

With the help of the comparison among the initial values, measuring results of the sharp 
spectra lines and the middle frequencies of the spectra lines with the broader width, 1 MHz 
was detected in sep. 06 in the N-S directions and in sep. 14 in the E-W direction. 3.19 MHz 
was detected in three days and in the three directions. By taking the middle frequency from 
the spectra lines with the broader width, 24 MHz was also detected in every day and in the all 
directions. Therefore, it can also be considered as a measuring result. However, it could also 
be possible that this frequency is a higher order frequency of the fundamental frequency 3.19 
MHz.  
 
In addition, by checking the results measured by the pair of Helmholtz coils as inductor in the 
same day, the spectra line with a width (31-36 MHz) in this case has to be regarded. Since the 
pairs of Helmholtz coils have detected the similar spectra (about 31-37 MHz). It could be 
related to the higher order plasma frequency. However, to prove this supposition, additional 
measuring method should be developed in the future. 
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4.3.4 Experiment: Floating Potential Measurements 
 

4.3.4.1 Objective  
 
Ionosphere-like plasma created by the Ionospektroskop has a similar characteristic (no earth 
connection and no reference point) as the ionosphere holds. In order to investigate this kind of 
free-floating plasma, a measuring technique called floating measurement is required. With the 
help of the configuration of the Ionospektroskop and based on this kind of measuring 
technique, measuring the electrical properties (such as voltage) of the free-floating plasma 
gets easier. With the help of suitable devices such as high-voltage passive probes, various 
oscilloscopes, there are different measurement options available to achieve the floating 
measurements. Moreover, a new idea based on the Clamp-On Ammeter is also thought to be a 
proper measuring technique. 
 

4.3.4.2 Background  
 
Floating measurement is generally talking about one sub-category of the voltage 
measurements. Voltage measurements can be categorized into two sub-categories: differential 
measurements and floating measurements. They are distinguished whether the measurements 
are ground-referenced or non-ground-referenced. A differential measurement is to determine 
the voltage difference between two separate points. The floating measurement is a differential 
measurement where neither point is at ground potential. Floating measurements are mostly 
needed in power control circuits (such as motor controllers, uninterruptible power supplies, 
and switching DC power supplies) and industrial equipment. The foremost issue is that--if the 
measured currents or voltages are high enough--measuring devices could be damaged and the 
safety of the operator might be at risk. 
 

4.3.4.2.1 Techniques for Making High-voltage Floating Measurements 

 
Different techniques for performing high-voltage floating measurements exist. They can be 
distinguished into Isolated-input Oscilloscopes, Differential Probe Measurement Technique, 
Voltage Isolator Measurement Technique, “A minus B” Measurement Technique, and 
“Floating” the Oscilloscope Technique. Each of them has its advantages and disadvantages. 
Their brief descriptions are represented in the following table. (More details can be found in 
[Tek, DOM, 96], [Tek, FFM, 05]). 
  

Techniques Description 
 

Isolated-input 
Oscilloscopes  

This kind of oscilloscope applied for taking floating measurement normally contains 
two or four isolated channel input. Each channel is isolated from other non-isolated 
components and from other isolated channels.  
To taking floating measurement, the appropriated probe has to be chosen. Normally, 
for the isolated-input oscilloscope, there are related matched probes in use. (For a 
common case, the specially designed passive probe is preferred to be selected.) This 
kind of technique provides a safe, reliable way to make floating measurements and 
without additional costs (such as paying for specialized probes or for voltage 
isolator). Multiple signals referenced to different voltages can be simultaneously 
monitored by the multiple channels. However, isolated channels do not offer the 
balanced floating measurement. The impedance to earth ground of the tip input and 
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reference input exist difference, because the reference input of the isolated channels 
do not have default reference level like grounded oscilloscope do, it is essential to 
connect the reference lead of the probe to the reference on the DUT (Device Under 
Test). 

Differential 
Probe 

Measurement 
Technique 

If the oscilloscopes do not possess the isolated-input, i.e. a traditional ground-
referenced oscilloscope is used; the other probe type (differential probe) is taken 
into account. They combine the grounded oscilloscope making the floating 
measurement possible. Using this kind of probe, multiple signals referenced to 
different voltages can be concurrently monitored by the multiple channels as well 
and the measurement quality is improved. However, the probes possess a resistive 
path to the ground. If a tested circuit is sensitive to leakage current, differential 
probes are not appropriate. Moreover, due to the capability of the oscilloscope, the 
usage of the independent power supply may be required. Therefore the additional 
costs may be needed.  

Voltage 
Isolator 

Measurement 
Technique 

Isolator provides electric isolation. With the presence of the isolator, there is no 
direct electrical connection between the floating inputs and their ground-referenced 
output. By means of optical or split-path optical/transformer means, the signal is 
coupled. It offers a means of safely measuring floating voltages. Due to the fact that 
the isolator has no resistive path to the ground, for a tested circuit, which is sensitive 
to leakage current, the isolator is appropriate. However, this kind of technique 
requires additional cost due to the usage of independent power supply and isolation 
box. 

“A minus B” 
Measurement 

Technique 

It is also called the Pseudo-Differential Measurements. It enables to make floating 
measurements indirectly by means of a conventional oscilloscope and its passive 
voltage probes. The idea is that two channels of oscilloscope are used: one channel 
takes responsibility for the “positive” test point; another channel measures the 
“negative” test point. The channels must be set in the same way (e.g. the same 
volts/division). In order to observe the floating voltage that could not be measured 
directly, the voltage common to both test points can be removed by subtracting the 
second from first. This kind technique enables the floating measurement to be easily 
taken with almost any oscilloscope and its standard probes. The probes should be 
matched to maximize CMRR (Common Mode Rejection Ratio represents the ability 
to reject any signal that is common to both test points in the differential 
measurement). To be noticed is that this technique works only under the condition: 
the two test points have to be ground-referenced. This technique is proper for the 
applications with presence of these conditions:  
 The amplitude of the common-mode signal1 is the same or lower than the 

amplitude of the differential mode signal and 
 The common-mode component is DC or low frequency (such as 50 or 60 

Hz power line). 
At the same time, this technique has rather small common-mode range which is less 
than ten times the volts/division setting from the ground in general. 

“Floating” the 
Oscilloscope 
Technique 

This kind of technique floats the traditional oscilloscope by disconnecting the 
grounding connector of the AC mains power cord of the oscilloscope or by means 
of the usage of an isolation transformer (the transformer secondary is floating). This 
kind of oscilloscope floating makes all accessible metal (such as chassis, casing, and 
connectors) at the same voltage as test point that the probe reference lead is 
connected. This technique can be done by using present devices and can remove the 
ground loops (occurring more than one ground connection path between two 
devices, it results unwanted current, as consequence noise or interference occurs) on 
lower frequency signals. However, it is unsafe and dangerous. In the case of an 

                                            
1 Common-mode signal defines the component of an input signal which is common (identical in amplitude and 
phase) to both inputs. Differential mode signal defines the signal which is different between two inputs. 
Common-Mode Range defines the maximum voltage (from ground) of common-mode signal which a differential 
amplifier can reject. [Tek, FFM, 05]: pp.2. 
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ungrounded oscilloscope, if a high voltage contacts the casing of this oscilloscope, 
any part of the case, including knobs (although they appear insulated), a shock can 
be given to the operator. This technique can also result in accumulative stress to the 
power transformer insulation of the oscilloscope, which may cause the danger such 
as the hazard of shock, fire in the future, even the oscilloscope back to be grounded. 

 
Table 5: Techniques for making high-voltage floating measurements 

 
Moreover, probes are as the essential part for the floating measurement techniques. An 
introduction about them is given briefly as well. (More details are given by [Tek, A.O.P, 03], [Tek, 
PF, 09], and [Jy.C, 07].) 
 

4.3.4.2.2 Probes 

 
A probe can be considered as a kind of device, network or sensor that physically and 
electrically connects the test point or signal source to the oscilloscope. It probes or senses 
signals such as voltage signal (most cases), current, light power, etc. and transmits them to the 
input of the oscilloscope. Probes are generally made up by probe head, probe cable, and 
compensation box or other signal conditioning network. 
 
Constituent of a 

probe 
Description 

Probe head Most probes have a probe head (or handle) with a tip that normally presents in the 
form of a spring-loaded hook enabling to attach the probe to the test point, so that 
builds in the electrical connection between the probe tip and the oscilloscope’s 
input. Probe head also offers the possibility for the operators to hold probe, while 
they attach the tip to the test point.  

Probe cable The probe cable follows the probe head and enables the probe to physically reach 
the test point. It plays an important role for the bandwidth of the probe, the longer 
the cable is the greater the reduction of the bandwidth. However, for the high-
voltage probes, due to safety reason, they have longer cable than normal probes. 

Compensation 
box 

 

Compensation box (also mentioned as termination box or probe 
interface) is normally with BNC input connector together at the 
end of the probe cable. It makes direct connection to the input of 
the oscilloscope. It contains a compensation network that offers 
the optimum transient response with presence of the usage of the 
probe to a wide band oscilloscope. The right figure gives an 
example of a real compensation box of a Tektronix passive probe. 
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The following diagram shows a simple sketch example of a passive probe touching a test point and 
connecting to a two channels oscilloscope:  

 
Figure 27: An example of the probe 

 
Although the probe seems to be simply constructed, the probes in reality contain potentially complex 
circuit even a simple piece of wire.  
 
Various types of probes exist. They can be mainly distinguished into passive and active 
probes based on their constructions. A passive probe is constructed of wires, connectors, and 
according to the needs for compensation or attenuation, resistors and capacitors. In contrast to 
an active probe a passive probe includes no active components such as transistors or 
amplifiers. Therefore, there is no requirement for supplying power to passive probes. Due to 
the relative simplicity of use, passive probes are the most widely applied probe type. 
Depending on the probing target (signal type),probes can be categorized into standard or 
common probe types such as voltage probes, current probes, optical probes, etc., and specialty 
probes such as environmental probe, temperature probes, etc. These probes can be passive or 
active. 
 

Probes Description 
Voltage probe  It senses the voltage signal that is measured by an oscilloscope.  

Attenuator probe: for the voltage probes, a term attenuation factor due to their 
high-usage has to be mentioned. The normally available attenuation factors are 1X, 
10X, and 100X. They denote the different ranges of voltage. This kind of probe is 
also mentioned as an attenuator probe.  
The signal amplitude is attenuated by the attenuator probe, and then the signal 
amplitude displayed on the oscilloscope requires the oscilloscope’s scale factor 
multiplied by the used attenuation factor. For instance, a 10X probe is used for a 
100 volts signal, the signal is attenuated to 10 volts, and then the signal amplitude 
is displayed on the oscilloscope as 100 volts by means of the oscilloscope display 
multiplying the factor of 10. There is also the probe with switchable attenuation 
factors such as 1X/10X; this actually means two different probes in one (their 
attenuation factor, bandwidth, rise time, characteristics of the resistance and the 
capacitance are different); it is convenient for the mixed signals (low and moderate 
amplitude signal: tens of millivolts to tens of volts). However, the oscilloscope 
input matching and the performance of a standard 10X attenuator probe are better 
than this kind of probe.  
Differential probe: this kind of probe is a special case of the voltage probe. It 
applies a differential amplifier to subtract two input signals, resulting in one 
differential signal as output that can be measured by one channel of the 
oscilloscope.  
High-voltage probe: it is a special case of the passive voltage probe. The term 
“high voltage” in the case of the probe means that the handled voltage exceeds the 
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voltage (handled safely) with a typical, general-purpose 10X passive probe. The 
maximum voltage for typical general-purpose passive probes is around 400 to 500 
volts (DC + peak AC). On the other hand, high-voltage probes can have maximum 
ratings as high as 20 kilovolts. As mentioned before, the high-voltage probe cable 
is longer than normal probe cables. The length should be long enough to reach the 
oscilloscope that is safely located away from the high-voltage source. 

Current probe It probes the current flow in a wire, and then the sensed current is converted to a 
corresponding voltage signal measured by an oscilloscope. 

Optical probe It probes the light power that is converted to a corresponding voltage signal then 
measured by an oscilloscope. 

Environmental 
probe 

It is a specialty probe and enables to operate over a very wide temperature range. 

Temperature 
probe 

It is a specialty probe as well and enables to measure the temperature of 
components and other heat generating items. 

 
The different oscilloscopes demand different probes. Thus there is a broad selection of probes. 
Moreover, the usage of probes should have minimum influence for the test points, circuit; the 
signal (sensed by the probe tip, transmitted by the head and cable to the oscilloscope input) 
should possibly keep its fidelity, and the signal loading caused by probes (probing loading) 
should be minimized. These require the appropriate selection of probes as well. The right 
selection of the probe provides the first step for the reliable measurements. A lot of 
considerations should be taken in to account. Here, some criteria examples are presented: 
 According to measuring purpose, selecting active or passive probe should be decided. Typical 

passive probes for the usage of general-purpose oscilloscope have the bandwidth range from 
less than 100 MHz to 500 MHz or more. Generally, high-impedance passive probes are 
appropriate for general-purpose mid-to-low-frequency (less than 500-MHz) measurements. In 
other words, it is better to choose the active probes if the bandwidth of the oscilloscope is 
more than 500 MHz.  

 Due to the measurement needs, i.e. probing signal type gives the consideration for selecting 
the probe type: voltage probe or current probe, etc. 

 Probe-Oscilloscope-Matching should be realized. The probe combining the oscilloscope forms 
one measuring system. Probe and oscilloscope have their own bandwidth. Generally, the probe 
should be selected to match the bandwidth of the oscilloscope. Furthermore, oscilloscopes can 
possess different input channel connector types, as well as different input resistance and 
capacitance values, thus, in order to match different oscilloscope input channel connectors, it 
is necessary that probes have the matched connector types and the resistance value (R) and 
capacitance value (C) of probes should matched the R and C of the oscilloscope. Normally, 
there is one-to-one resistance matching between the probes and oscilloscope. However, if an 
attenuator probe is in use, the probe has to multiply the measurement range of the oscilloscope 
by the attenuation factor. The capacitance matching between the probes and oscilloscope is 
not as easy as the resistance matching. The best probe-oscilloscope-matching is provided by 
the oscilloscope manufacturer (checking the accessories list of the oscilloscope to find the 
matched probes). 

 The amplitude of the measured signal needs to be paid attention as well. It should be within 
the dynamic range of the oscilloscope. In this case, the attenuator probe is normally used. The 
signal frequency or the rise time should not exceed the bandwidth or rise time at the probe tip. 

 Normally, for minimizing the probing loading the high-resistance and low-capacitance are 
preferred to be chosen. 

 
Actually, it is quite easy to become confused by selecting probe without the presence of the 
sufficient professional knowledge and experiences about the probes and oscilloscopes, thus it 
is better to follow the oscilloscope manufacturer’s recommendations for probes. 
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4.3.4.3 Overview of Selected Devices 
 
 

 
Floating Potential Measurements using Probes 

 

A product from company Brandenburg provides 
possibilities to measure high voltage. The measuring 
range is from 0-20 kV. Its polarity is switchable. The 
measured result is read from the analog indicator. 

 

Brandenburg Analog 
Voltmeter 

Purpose of use: it is connected to high-voltage probes and used for measuring the 
electrical properties (voltage at needle electrode) of the generated plasma. At the 
same time, it can also be simultaneously connected to the Analog Digital Scope 
HM 1507-3 or/and a high-end oscilloscope so that the signal waveform can be 
displayed. 

It is a test accessory. The connection is with the help of a 1.5 
meters long test lead with BNC connectors. A separate 
ground lead with alligator clip is available. It is normally 
used for connecting with other measuring devices with an 
impedance of 1 GΩ.   

The passive high-
voltage Probe 

Purpose of use: The high-voltage probes are connected to the Brandenburg Analog 
Voltmeter (BAV) to take the floating measurement (measure the voltage at needle 
electrodes) of the generated plasma: one high-voltage probe is gripped on one 
upper needle electrode on the tube; another is gripped on a lower needle electrode 
on the tube. The voltage value can be displayed by BAV.  

A product from company HAMEG, is used for 
examining DC voltage and signals in the range up to 
150 MHz. It contains two channels: 1 mV-20 V. The 
maximum input voltage is 400 V. 
Accuracy in calibrate positions for 1 mV/div-2 mV/div is ±5 % (DC-10 MHz (-3 
dB)) and for 5 mV/div-20V/div is ±3 %. Real time sample rate is 200 Ms/s and the 
rise time is smaller than 2.3 ns. 

150MHz/200MSa/ 
HM 1507-3 s 

Analog Digital 
Scope 

Purpose of use: As mentioned before, it is connected to the BAV and used for 
displaying the waveform of the sensed signal. 

 
Floating Potential Measurements using Clamp-On Ammeter 

 

A product from company H&B Elima, it can also be called 
current measuring pliers or current pliers. It is an instrument for 
measuring the current, but it makes the measurement of voltage 
possible as well. This Clamp-On Ammeter includes six 
measuring ranges for the current and voltage: 30-150-300-600 
A, 300 and 600 V. As the pliers grips the conductor where the 
current is flowing, the value of the current as well as the value of 
voltage can be directly read from the analog indicator. Due to 
two kinds of connector sockets at the left and right side of the 
Clamp-On ammeter, it enables to make a connection to other 
device such as oscilloscope.  

 

H&B ELIMA ID 
200 Clamp-On 

Ammeter 

Purpose of use: By means of its advantage (the galvanic separation), it enables to 
do the floating measurement. 
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A product from company HAMEG, This 
probe has a scaling factor 1:1. Its 
attenuation ratio is selectable between  

HAMEG Passive 
Probe 1x and 10x 

1:10; its input impedance is 1/10 MΩ with a capacity 82/12 pF. 
Purpose of use: its alligator clip is gripped to the Clamp-On ammeter and the 
ground lead is connected to a monitoring and measuring device such as an 
oscilloscope. 

A digital oscilloscope from company 
TEKTRONIX, it contains two channels. 
The bandwidth is 200 MHz. The sampling 
rate is 1 GHz/s. Its vertical sensitivity is 2 
mV to 10 v/div. Sweep speeds are from 2.5 
ns/div to 5 s/div.  

Tektronix TDS 360 
oscilloscope 

Purpose of use: it is connected to the high-voltage probes or other probe for 
displaying the measured results. 

A product from company HAMEG, it can 
generate arbitrary waveforms (sine wave, 
triangle, square wave, sawtooth). It enables 
to generate the frequency  

HAMEG HM8131-2 
programmable 15 

MHz function 
generator 

at range from 100 μHz to 15 MHz. Its output voltage (open circuit) is from 20 
mVpp to 20 Vpp (volt peak to peak).  
Purpose of use: It is used for taking the pretest (see Appendix III) for the Clamp-
On ammeter. For the pretest, the setting of the generator is distinguished into a fix 
frequency at 3.8 kHz with a voltage amplitude at 5 V and a sweep frequency range 
from 1 kHz to 10 kHz with a voltage amplitude at 5 V.  
A product from company VOLTCRAFT, it can 
generate arbitrary waveforms (such as sine wave, 
triangle, and square wave). It supplies the possibility 
to generate the frequency at range from 0.02 Hz to 2 
MHz. The output voltage is up to 20 Vpp, for an open 
circuit is up to 10 Vpp. At the same time, it has a fixed 
and adjustable attenuator with the value of 20 dB. 

VOLTCRAFT 7202 
Sweep/Function 

Generator 

Purpose of use: it is used for taking pretest for the applied probes (see Appendix 
IV). For the pretest, 1 kHz, square wave and 50 Ω output are selected for the 
setting of the generator. 

 
 

4.3.4.4 Floating Potential Measurements using High-voltage Probes 
 

4.3.4.4.1 Measurements Setup 

 
In the present case, three measurements using high-voltage probes are present. The first and 
second measurement is taken by means of the combination of high-voltage probes, the Analog 
Voltmeter, and oscilloscopes. The third measurement provides a measurement option with the 
help of a combination of the attenuator probes and the oscilloscope.  
 
Floating Potential Measurements using High-voltage Probes I 
 
 Brandenburg Analog Voltmeter (BAV) is connected to HM 1507-3 s Analog Digital 

Scope as well as two passive high-voltage probes. 
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 One high-voltage probe (red one) is attached to the external part of the upper pencil 
electrode; another (brown one) is attached to the external part of the lower pencil 
electrode. The same way can be used for further six pencil electrode pair (upper and 
lower) for measuring all pencil electrode pairs. 

 

 
 

Figure 28: The floating measurements setup using high-voltage probes I 
 
Floating Potential Measurements using High-voltage Probes II 
 
 The same measuring setup steps as the Floating measurements using high-voltage 

probes I 
 
 In addition, because the limitation of the HM digital scope, for a better measurement 

accuracy and advanced storage possibility for the measuring result, a high-end four-
channel LeCroy oscilloscope (such as LeCroy WaveRunner 104Xi-A) is in use. 
Channel 4 of this LeCroy oscilloscope is connected to the BAV as well to indicate the 
measuring results of two passive high-voltage probes. 
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Figure 29: The floating measurements setup using high-voltage probes II 

 
 

Floating Potential Measurements using High-voltage Probes III 
 
With the help of the Floating Potential Measurements using high-voltage Probes I and II, an 
overview of the electrical voltage properties of the pencil electrodes is obtained. Similar as a 
normal voltage measurement, using the combination of the oscilloscope and the high-voltage 
probes as well as the attenuator probes, a third measuring technique is in use. 

 
 One high-voltage probe (brown one) is attached to the external part of the upper pencil 

electrode; another (white one) is attached to the external part of the lower pencil 
electrode. The same way is used for the further six pencil electrode pair (upper and 
lower) for measuring all pencil electrode pairs. 

 
 At the same time, two high-voltage probes are separately connected to two attenuator 

probes (X100 and X10). 
 
 A high-end four-channel oscilloscope (such as LeCroy SDA) is in use for monitoring, 

analyzing, and saving the measuring result. Its channel 3 is connected to the attenuator 
probe X100; Channel 4 is connected to the attenuator probe X10. 
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Figure 30: The floating measurements setup using high-voltage probes III 
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4.3.4.4.2 Measuring Results and Discussion using High-voltage Probes 

 
In the floating potential measurements, data analysis process following such steps like the 
figure shows: With the absence of the plasma, if there are signals present, the initial values are 
given at first. The collected values are considered as intermediate values, a comparison 
between the initial values and the intermediate values are taken. After the comparison, the 
values are regarded as the final values. The final value is thought of as the measurement 
values. If there are no signals detected without the presence of the plasma, the measured 
values are directly considered as the measurement values. In this case, they are distinguished 
into time values and related voltage values. The measured values are represented as graphical 
and tabular. 
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Floating Potential Measurements using High-voltage Probes I 
 
The following left figure gives the initial display (with the absence of the plasma) of the HM 
Analog Digital Scope. The two figures on the right give two measuring results (with the 
presence of the plasma) taken in two different days: the upper one was taken in June.18.2012 
and the lower one in June.27.2012. 
 

 

An example of the HM initial display Comparison of two measuring results taken by HM with 
the presence of the plasma 

 
The examples of measuring values with the presence of the plasma are given as follows:  
 

Measuring result taken in June.18.2012 
I II III IV V VI Time [μs] 
0 1.7 3.5 5 6.4 8.3 

II-I III-II IV-III V-IV VI-V Time difference between 
two values [μs] 

 
1.7 1.8 1.5 1.4 1.9 

Voltage [V] 10.5 10.5 10.5 10.5 9.5 11 

Measuring result taken in June.27.2012 
Time [μs] 0 1.8 3.5 5.1 6.7 8.4 

II-I III-II IV-III V-IV VI-V Time difference between 
two values [μs] 

 
1.8 1.7 1.6 1.6 1.7 

Voltage [V] 9.5 9.5 9.5 9.5 10 13.5 

 
With an average value of approximate 1.7 μs of time difference, the similar signal waveform 
(a vertical rise with a slow-decay, may be called 0.5 μs /0.5 μs pulse shape) is repetitively 
displayed. This kind of waveform may illustrate the start processes of the spark electrical 
discharge occurring at the interruption contact. Each start process creates a vertical rise with 
the average voltage value of around 10 V (with the value of standard deviation: 0.2) which is 
detected by the high-voltage probe attached to the pencil electrodes, and then the slow-decay 
accompanies.  
 
In addition, with the presence of the plasma, the analog display of the Brandenburg Analog 
Voltmeter normally shows a voltage value at 1.5 kV (with a reading error of ±0.25 kV). If the 
plasma does not reach the defined state, the analog display gives a fluctuation voltage range 
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from 1 kV to 6 kV (with the presence of the positive polarity); with the presence of the 
negative polarity the analog display gives a fluctuation voltage range from -1 kV to -16 kV. 
 
 
Floating Potential Measurements using High-voltage Probes II 
 
The following graphical representations give the initial frequency-domain values in three 
different days: Sep.06.2012, Sep.76.2012 and Sep.14.2012. 
 

Initial values of the test I in Sep.06.2012 
 

 
Initial values of the test II in Sep.07.2012 

 

 
Initial values of the test III in Sep.14.2012 

 

 
 
 
The following table gives the related initial frequency-domain values (without the presence of 
the plasma) displayed by the channel 4 of the high-end LeCroy WaveRunner 104Xi-A 
oscilloscope. These values are not from the measurements taken in one day; they are results 
with comparison to the initial data taken in three different days. The most illustrated values 
appear almost every time and there are small digit differences after the decimal point. 
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Initial values without the presence of the plasma 

Test I Test II Test III 
- 0.66 0.66 

20.27 20.67 20.84 
41.69 41.58 41.62 

- 62.59 62.70 

 
 
 

Frequency 
[MHz] 

83.18 83.31 83.25 

 
Although in this case, instead of observing the measuring value in the frequency-domain, the 
measuring values are observed in the time-domain, it is still necessary to regard the initial 
data, to make sure that the measured values are the values of interest.  
 
Examples of measuring values with the presence of the plasma 
 
The graphical representations of the measuring values in these three different days are shown 
as follows: 

Measuring values of measurement I in Sep.06.2012 
 

 
Measuring values of measurement II in Sep.07.2012 

 

 
Measuring values of measurement III in Sep.14.2012 

 
 
The following table gives the measured time values in millisecond and the corresponding 
voltage values in volt detected by the high-voltage probes. These values are results taken in 
three different days: Sep.06.2012, Sep.07.2012 and Sep.14.2012. There are small digit 
differences after the decimal point.  
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Measuring results with the presence of the plasma 

Measurement I Measurement II Measurement III 

Time [ms] Voltage 
[V] 

Time 
difference 

[ms] 

Time 
[ms] 

Voltage 
[V] 

Time 
difference 

[ms] 

Time 
[ms] 

Voltage 
[V] 

Time 
difference 

[ms] 
-4.99 7  -4.88 439  -4.91 0  
-4.79 -7 0.20 -4.66 175 0.22 -4.73 257 0.18 
-4.46 -7 0.33 -4.44 0 0.22 -4.38 448 0.35 
-4.20 391 0.26 -4.19 -32 0.25 -4.20 287 0.18 
-3.91 0 0.29 -4.03 199 0.16 -4.04 32 0.16 
-3.67 696 0.24 -3.71 -24 0.32 -3.64 285 0.40 

- - - -3.47 0 0.24 - - - 
-3.22 56 0.45 - - - -3.29 352 0.35 
-3.01 7 0.21 -2.84 192 0.63 -2.90 323 0.39 
-2.76 271 0.25 -2.37 241 0.47 -2.69 93 0.21 
-2.10 0 0.66 -1.95 -32 0.42 -2.09 -29 0.60 

- - - -1.58 207 0.37 - - - 
-1.85 -7 0.25 - - - -1.92 -30 0.17 

- - - -1.30 24 0.28 - - - 
-1.21 393 0.64 - - - -1.11 513 0.81 
-0.89 280 0.33 -0.84 -9 0.46 -0.89 575 0.22 
-0.68 152 0.21 - - - -0.67 223 0.22 
-0.49 32 0.19 - - - -0.47 32 0.20 
-0.27 672 0.22 -0.24 288 0.60 -0.29 254 0.18 
-0.14 344 0.13 - - - -0.11 317 0.18 
0.19 192 0.33 - - - 0.11 129 0.22 
0.26 32 0.07 0.29 192 0.05 0.28 1 0.17 
0.52 0 0.26 0.51 -128 0.22 0.49 -32 0.21 
0.71 32 0.19 - - - 0.72 447 0.23 
0.95 0 0.24 0.97 -17 0.46 0.97 129 0.25 
1.14 7 0.19 - - - 1.16 223 0.19 
1.30 0 0.16 - - - 1.33 -1 0.17 
1.58 32 0.28 1.54 -1 0.57 1.52 446 0.19 
1.67 56 0.09 - - - 1.71 351 0.19 
1.79 111 0.12 1.81 32 0.27 - - - 
1.86 7 0.07 - - - 1.85 -31 0.14 

- - - - - - 2.01 31 0.16 
2.18 -17 0.32 - - - 2.19 477 0.18 
2.24 184 0.06 2.23 -7 0.42 2.34 30 0.15 
2.45 152 0.21 2.57 9 0.34 2.55 223 0.21 
2.78 216 0.33 - - - 2.75 384 0.20 
2.82 17 0.04 2.85 65 0.28 - - - 
3.07 135 0.25 3.08 728 0.23 2.99 257 0.24 
3.23 128 0.16 3.25 0 0.17 3.19 482 0.20 
3.43 9 0.20 - - - 3.38 32 0.19 
3.50 576 0.07 3.56 -15 0.31 3.53 31 0.15 
3.86 0 0.36 3.77 544 0.21 3.71 31 0.18 
3.97 96 0.11 - - - 3.93 701 0.22 

- - - 4.06 49 0.29 4.09 30 0.16 
4.22 0 0.25 4.25 15 0.19 4.29 1 0.20 
4.56 111 0.34 4.35 -33 0.10 4.53 192 0.24 
4.81 24 0.25 4.80 0 0.45 4.72 160 0.19 

 
In order to check the repetitive process (similar signal waveform repetitively displayed), the 
time difference between two measured time values (called one time interval) is calculated. 
The time intervals from each day do not really show regularity and repeatability. The 
comparability among these three days is also not well. For the measurement I, the shortest 
time interval is 0.04 ms. The longest is 0.66 ms. For the measurement II, the shortest time 
interval is 0.05 ms. The longest is 0.63 ms. For the measurement III, the shortest time interval 
is 0.14 ms. The longest is 0.81 ms. Most appeared time interval in measurement I and II lies 
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between 0.2 and 0.3 ms, in which measurement III is between 0.1 and 0.2 ms. As a result, the 
most appeared time interval for these three measurements can be regarded as from 0.1 to 0.3 
ms.  
Moreover, the measured voltage values in these three days are so different. They are not 
comparable; the reason for this may be found by taken more accurate experiments and more 
investigations. Because the electrons move faster, the minus sign may mean that the measured 
floating potential at needle electrodes tends to be negative (to repel the incoming electrons). 
The measured maximal positive voltage is 728 V. The measured minimal positive voltage 
shows 1 V. The measured maximal voltage with the minus sign is 128 V. The measured 
minimal voltage with the minus sign shows 1 V. In some cases, the value of voltage is 0 V, it 
may not mean that the voltage is equal zero; it may mean that the collected positive and 
negative charges have equal number, the sum of the voltage value shows zero. Most case of 
the voltage values in these three days show positive. Thus, in this case, the measured floating 
potential in three days can be denoted to tend to be positive. The measured minimal positive 
voltage and voltage with the minus sign shows 1 V. 
 
Floating Potential Measurements using High-voltage Probes III 
 
The following graphical representations give two measuring examples taken in 
August.15.2012 and August.16.2012. The blue waveforms from two figures illustrate the 
displayed waveform by channel 3 of the oscilloscope: the applied high-voltage probe is 
attached to an upper pencil electrode. The green waveforms from two figures illustrate the 
displayed waveform by channel 4 of the oscilloscope: the applied high-voltage probe is 
attached to a lower pencil electrode. The waveforms from two measuring examples show 
some comparability. 
 

Graphical representation of the measuring example taken in August.15.2012: 
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Graphical representation of the measuring example taken in August.16.2012: 
 

 
 
Applied attenuator probes for channel 3 and 4 of the oscilloscope have a different attenuation 
factor: X100 and X10, thus the blue signal waveforms give more information than the green 
signal waveforms, but the blue and green signal waveform are comparable. The blue signal 
waveform illustrates a train of a signal waveform that is a combination of the vertical rise and 
a slow-decay (a kind of pulse shape). The blue signal waveform illustrates a pulse train. The 
green signal waveform illustrates a set of vertical lines. The vertical rise portion of the blue 
waveform can be found in the green waveform at the similar position.  
 
Examples of measuring values with the presence of the plasma 
 
The following table gives the measured time values in millisecond and the corresponding 
voltage values in volt detected by high-voltage probes. These values are the results taken in 
two different days: August.15.2012 and August.16.2012.  
 

 
Example of the measuring result taken in August.15.2012 

 
One high-voltage probe is attached to the upper electrode and connected to channel 3 of the LeCroy SDA (blue 
waveform) and another high-voltage probe is attached to the lower electrode and connected to channel 4 of the 

LeCroy SDA (green waveform) 
Voltage [V] Measuring 

Nr. 
Time [ms] Time difference between 

two times [ms] Channel 3 Channel 4 
1 0.2  -1730 -400 
2 0.3 0.1 -700 -360 
3 0.4 0.1 -1100 -360 
4 0.6 0.2 -890 -360 
5 0.8 0.2 -1090 -320 
6 0.9 0.1 -1100 -360 
7 1 0.1 -900 -360 
8 1.3 0.3 -1400 -320 
9 1.5 0.2 -900 -360 
10 1.8 0.3 -1100 -360 
11 1.9 0.1 -1800 -320 
12 2 0.1 0 -360 
13 2.2 0.2 -600 -340 
14 2.4 0.2 -700 -360 
15 2.6 0.2 -710 -320 
16 2.7 0.1 -500 -320 
17 2.8 0.1 200 -280 
18 3 0.2 -700 -360 
19 3.1 0.1 -1200 -320 
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20 3.2 0.1 -900 -320 
21 3.3 0.1 -1250 -320 
22 3.4 0.1 -1100 -280 
23 4.1 0.7 -800 -360 
24 4.3 0.2 -1300 -360 
25 4.5 0.2 -1300 -280 
26 4.6 0.1 500 -360 
27 4.7 0.1 -550 -360 
28 4.8 0.1 750 -400 
29 4.9 0.1 0 -360 

 
Example of the measuring result taken in August.16.2012 

 
Voltage [V] Measuring 

Nr. 
Time [ms] Time difference between 

two times [ms] Channel 3 Channel 4 
1 0.39  -1500 -400 
2 0.48 0.09 -500 -360 
3 0.52 0.04 -800 -392 
4 0.59 0.07 -400 -240 
5 0.86 0.27 -1900 -360 
6 1.12 0.26 -1400 -400 
7 1.21 0.09 -400 -300 
8 1.49 0.28 -1600 -400 
9 1.52 0.03 -450 -260 
10 1.9 0.38 -1300 -320 
11 2.15 0.25 -1510 -440 
12 2.21 0.06 -700 -300 
13 2.51 0.3 -1900 -360 
14 2.81 0.3 -1500 -360 
15 3.01 0.2 -250 -480 
16 3.35 0.34 -1600 -340 
17 3.5 0.15 -100 -200 
18 3.55 0.05 50 -440 
19 3.61 0.06 300 -440 
20 4.01 0.40 -1100 -400 
21 4.1 0.09 200 -520 
22 4.13 0.03 650 -220 
23 4.42 0.29 -150 -420 
24 4.69 0.27 -50 -440 
25 4.95 0.26 100 -480 

 
Most case of the time difference two times in August.15 show 0.1 ms; the value of 0.2 ms in 
comparison to 0.1 ms appears around 1.7 times less, however it cannot be neglected. In 
contract to the values of 0.1 ms and 0.2 ms, the values of 0.3 ms and 0.7 ms can be considered 
as insignificant. The time difference between two times in August.15 can be said to be from 
0.1 ms to 0.2 ms. I.e. a repetitive process within an approximate time range from 0.1 to 0.2 ms 
is considerable. The values of the time difference in August.16 show less regular. Most case 
of the time difference values indicate around 0.1 and 0.3 ms (marked by the pink and blue 
color), although the value of 0.1 ms in comparison to 0.3 ms appears a bit less. The rest shows 
three groups: less than 0.05 ms, around 0.2 ms and around 0.4 ms (marked by the red, green 
color and black). However, in contract to the values of 0.1 ms and 0.3 ms, they appear more 
less. The time difference between two times in August.16 can be said to be from 0.1 ms and 
0.3 ms. I.e. a repetitive process within an approximate time range from 0.1 to 0.3 ms is 
considerable. 
Most case of the voltage values from channel 3 in both days shows negative and all measured 
voltage values from channel 4 are negative. As mentioned before, because the electrons move 
faster, the minus sign may mean that the measured floating potential tends to be negative (to 
repel the incoming electrons). Thus, in this case, the measured floating potential in both days 
can be denoted to tend to be negative.  
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Although the numbers of measured data in both days are different, the comparability of the 
voltage values from two days is executable.  The measured maximal positive voltage values 
from channel 3 in August.15 and 16 are 750 V and 650 V; they show similarity. The minimal 
positive voltage values are 0 V and 50 V; they show less similarity. The measured maximal 
voltage values with the minus sign from channel 3 in August.15 and 16 are 1800 V and 1900 
V; they show similarity as well. The measured minimal voltage values with the minus sign 
from channel 3 in August.15 and 16 are 500 V and 50 V; they also show less similarity.  
 
Furthermore, the voltage values from channel 4 in both days show better comparability. Most 
case of the measured voltage values with the minus sign from channel 4 in August.15 is 360 
V; the rest are 280 V, 320 V, 400 V, in comparison to the other two, 320 V shows more 
frequent. Most case of the measured negative voltage values from channel 4 in August.16 is 
360 V, 400 V and 440 V; they appear almost same frequency. The rest show three groups: 
Group I (200 V to 260 V), group II (300 V to 340 V) and group III (480 V to 520 V). Strictly 
speaking, the voltage values from group I and III are only detected in August.16. However, 
the rough range of the measured voltage values with the minus sign from channel 4 in both 
days is similar. The reason could be related to the location of the attached pencil electrode. 
The lower pencil electrode (Channel 4) may provide a better collection condition for the high 
voltage probe than the upper electrode (Channel 3). The precise reasons may be found by 
taken more accurate experiments and more investigations. 
 

4.3.4.5 Floating Potential Measurements using Clamp-On Ammeter 
 

4.3.4.5.1 Measurements Setup 

 
Floating Potential Measurements using Clamp-On Ammeter I  
 
 A shielded cable with alligator clips is attached to the external part of an upper and a 

lower pencil electrode.  
 
 The H&B ELIMA Clamp-On Ammeter grips the shielded cable; by means of a BNC 

to banana plugs, the Clamp-On Ammeter is also connected to a two-channel 
oscilloscope (such as a Tektronix oscilloscope). 

 
 If there is the current flowing through the cable after the plasma generation, the 

corresponding electric signal can be displayed by the oscilloscope.  
 
 The same method can be used for further six pencil electrode pairs (upper and lower). 
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Figure 31: The floating measurements setup using Clamp-On Ammeter I 

 
 

Floating Potential Measurements using Clamp-On Ammeter II 
 
 One side of the LEYBOLD ring-shaped discharge tube is attached to the external part 

of an upper pencil electrode. Another side is attached to the external part of a lower 
pencil electrode.  

 
 The H&B ELIMA Clamp-On Ammeter grips the conductor of the ring-shaped 

discharge tube. 
 
 The alligator clip of the HAMEG attenuator probe with 10X attenuation factor is 

gripped to the L K connector socket of the Clamp-On Ammeter and its ground lead is 
connected to a high-end four-channel oscilloscope (such as LeCroy SDA). If there is 
the current flowing through the conductors of the ring-shaped discharge tube after the 
plasma generation, the value of the electric signals can be directly displayed by the 
oscilloscope.  

 
 The same method can be used for further six pencil electrode pairs (upper and lower). 
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Figure 32: The floating measurements setup using Clamp-On Ammeter II 
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4.3.4.5.2 Measuring Results and Discussion using Clamp-On Ammeter 

 
Floating Potential Measurements using Clamp-On Ammeter I 
 
Like the corresponding setup shows, the clamp-on ammeter combining with the oscilloscope 
to demonstrate the measured result. It is gripped on the cable (separately connected to a pencil 
electrode pair: upper and lower). With the help of BNC to banana plugs connecting the 
clamp-on ammeter and TDS oscilloscope, the measured electric voltage signal is displayed by 
the oscilloscope. In this measurement, seven pencil electrode pairs in the symmetric vertical 
direction (upper and lower) were tested. In fact, there are many possibilities to combine two 
pencil electrodes to a pair. In this case, the pair located in the symmetric position is taken. The 
reason for selecting an upper one and a lower one at the end to build a pair is based on the 
pretest results: if the both electrodes selected from the upper side or the lower side, a spark 
discharge is generated between the pencil electrode (the internal part of it in the discharge 
tube) and a disk electrode within the acrylic glass discharge tube. At the same time, the glow 
discharge cannot be created any more and this phenomenon may damage the discharge tube.  
 
Graphical representation of the measuring example taken in Mar.08.2013 is given here: an 
initial display (with the absence of the plasma) of Tektronix Oscilloscope TDS 360 is firstly 
illustrated.  

 
Graphical representation of the measuring example taken in Mar.08.2013: 

 
Initial display (with the absence of the plasma) 
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With the presence of the plasma, three figures on the left give an example of the measuring 
result which the first electrode pair in the vicinity of the anode is taken. Another three figures on 
the right give a second example of the measuring result which the seventh electrode pair in the 
vicinity of the cathode is taken. Just like the figures illustrate, after the created plasma reaches 
the defined state, the waveforms show the great similarity and the voltage amplitude of the 
seventh electrode pair is obviously smaller than the first electrode pair. 
 

Result of the time interval for 1. electrode pair  
 

 

Result of the time interval for 7. electrode pair  
 

 

Result of maximal voltage for 1. electrode pair  
 

 
 

Result of maximal voltage for 7. electrode pair  
 

 

Result of minimal voltage for 1. electrode pair  
 

 

Result of minimal voltage for 7. electrode pair  
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The following table gives the values for the time interval of the shown waveform, the results 
for the maximal voltage and minimal voltage (this means the peak to peak amplitude 
measuring for the waveform). The pencil electrode pair (from the first pair to the seventh pair) 
shows very similar waveform within almost the same time interval and different peak to peak 
maximal and minimal voltage amplitudes.  
 

 
Example of the measuring result taken in Mar.08. 2013 

 

Electrode pair Max.voltage [V] Min. voltage [V] Time interval [ns] 

1 4.06 0.28 377 

2 3.55 0.24 376 

3 3.30 0.20 376 

4 2.75 0.18 376 

5 2.54 0.16 376 

6 2.48 0.16 376 
7 2.10 0.14 376 

 
The graphical representation for the measuring results is shown as follows: 
 

Electrode Pairs vs. Measured Voltage Values
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The peak to peak maximal and minimal amplitudes of the electrode pair from the anode to the 
cathode of the acyclic glass discharge tube (the distance is increased with associated to the 
increased number of the electrode pair) follow an approximately inverse linear relationship 
between the increased distance and the amplitude. The measuring result gives evidence: by 
means of this kind of measuring method, it doesn’t matter which electrode pair is selected for 
checking the state of the created plasma. As soon as the plasma reaches the defined state, 
there is a corresponding waveform for this state to be displayed. The related voltage 
amplitude can be compared to the already measured results. 
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Floating Potential Measurements using Clamp-On Ammeter II 
 
The following graphical representations give an initial display and two measuring examples 
taken in Sep.06.2012 and Sep.07.2012. Green waveforms from these figures illustrate a set of 
vertical lines. The waveforms are displayed by the oscilloscope: the ring-shaped discharge 
tube attached to a pair of pencil electrode. The clamp-on ammeter grips on the conductor of 
this discharge tube and touched by the probe head of an attenuator probe, which its ground 
lead is connected to channel 4 of the LeCroy SDA.  
 

 

Initial display 
 

 
Graphical representation of the measuring example taken in Sep.06.2012 (upper one) and  

Sep.07.2012 (lower one ): 
 

Examples of measuring values with the presence of the plasma 
 
The following table gives the measured time values in millisecond and the corresponding 
voltage values in volt detected by the clamp-on ammeter. These values are the results taken in 
two different days: Sep.06.2012, Sep.07.2012. Although the numbers of measured data in 
both days are different, some degree of comparability in two days is shown.   
 

 
Example of the measuring result taken in Sep.06. 2012 

 
The ring-shaped discharge tube attached to the nearby upper and lower electrodes, the clamp-on ammeter grips 

on the conductor of this discharge tube and also touched the probe head of the attenuator probe, which its ground 
lead is connected to channel 4 of the LeCroy SDA. 

Measuring 
Nr. 

Time [ms] Time difference between 
two times [ms] 

Voltage [V] 

1 0.10  2.3 
2 0.18 0.08 -1.6 
3 0.24 0.06 -0.6 
4 0.31 0.07 -0.2 
5 0.44 0.13 -0.5 
6 0.49 0.05 -8.1 
7 0.62 0.13 30.9 
8 0.70 0.08 -4.6 
9 0.80 0.09 -1.6 
10 0.90 0.11 0.2 
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11 0.98 0.08 -0.3 
12 1.07 0.09 -0.3 
13 1.16 0.09 0.5 
14 1.27 0.11 -0.8 
15 1.36 0.09 1.7 
16 1.46 0.10 3.1 
17 1.52 0.06 -2.1 
18 1.60 0.08 15.9 
19 1.67 0.07 2 
20 1.76 0.09 -21 
21 1.85 0.09 3.6 

 
Example of the measuring result taken in Sep.07. 2012 

 
Measuring 

Nr. 
Time [ms] Time difference between 

two times [ms] 
Voltage [V] 

1 0.11  5.9 
2 0.27 0.16 0.3 
3 0.38 0.10 -0.4 
4 0.49 0.11 -0.6 
5 0.70 0.22 -0.7 
6 0.79 0.09 -0.6 
7 1.01 0.22 -0.6 
8 1.27 0.27 -2.8 
9 1.56 0.28 -0.6 
10 1.61 0.05 -2.3 
11 1.84 0.23 -0.3 

 
Most case of the values of time difference in Sep.06 show around 0.1 ms. The values of time 
difference in Sep.07 show less regular. Most case of the values of time difference give about 
0.1 and 0.3 ms. The measured voltage values in both days represent positive and negative. 
Because the number of measuring values in both days is different, in order to compare the 
voltage values from the two days, only the time values (similar as the time values in Sep.07.) 
in Sep.06 are listed, the voltage values related to these time values are also given. As the 
following table shows, only two values from each day show a bit similarity (values marked by 
the red color). The polarity of values from two days is almost comparable, except three values 
from each day (values marked by the pink color).  
 

  
Comparing Voltage Values 

  
Sep.06.  Sep.07.  

Time [ms] Voltage [V] Voltage [V] Time [ms] 
0.10 2.3 5.9 0.11 

0.24 -0.6 0.3 0.27 

0.44 -0.5 -0.4 0.38 

0.49 -8.1 -0.6 0.49 

0.70 -4.6 -0.7 0.70 

0.80 -1.6 -0.6 0.79 

0.98 -0.3 -0.6 1.01 

1.27 -0.8 -2.8 1.27 

1.52 -2.1 -0.6 1.56 
1.60 15.9 -2.3 1.61 
1.85 3.6 -0.3 1.84 

 
The following graphical representations give a further example. An initial display and a 
measuring example taken in Sep.14.2012 are shown. In comparison to the examples from 
other two days, the chosen time interval for the input signal in this example is 0.2 ms (another 

 109



time resolution). Therefore the waveform represents not only a set of vertical lines, but also a 
train of a signal waveform that is a combination of the vertical rise and a slow-decay (a kind 
of pulse shape, may be called 2 μs /4 μs pulse shape).  
 

Initial display 
 

 
 

Graphical representation of the measuring example taken in Sep.14.2012: 
 

 
Examples of measuring values with the presence of the plasma 
 
The following table gives the measured vertical rise values of the time-domain in millisecond 
and the corresponding voltage values in volt. 

 

Example of the measuring result taken in Sep.14. 2012 
 

Time [ms] Time Difference [ms] Voltage [V] 
1.04  2.5 
1.09 0.05 2.5 
1.12 0.06 2.9 
1.20 0.05 3.6 

 
The waveform represents similarity as waveform measured by the Floating Potential 
Measurements using high-voltage Probes I. With an average value of approximate 0.05 ms of 
the time difference, it is repetitively displayed as well. This kind of waveform may also 
illustrate the start processes of the spark electrical discharge (occurring at the interruption 
contact). I.e. each start process creates a vertical rise with the average voltage value of 
approximate 2.8 V, which is sensed by the clamp-on ammeter, and then the slow-decay 
accompanies.  
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4.3.5  Experiment: Rogowski based Coil Measurements  
 

4.3.5.1 Objective  
 
Ionosphere-like plasma created by the Ionospektroskop represents a similar electric 
characteristic as the ionosphere holds. In order to look into this kind of characteristic of the 
generated plasma, a well known measuring technology called Rogowski coil current sensing 
technology is required. Based on the operating principle of this measuring technology, 
measuring the electrical properties (such as the current) of the created plasma gets easier. In 
the present case, the coil in use is a kind of steel wire coated with zinc (called Rogowski 
based coil). This coil is arranged as the closed coil. It is applied for sensing the rate of the 
current change flowing through the vacuum tube when the plasma reaches the defined state. 
With the help of an attenuator probe and an appropriate oscilloscope, the sensed electrical 
signals can be displayed. 
 
One important thing has to be mentioned in the Rogowski based coil experiments: In the 
current case, the main purpose is to test the feasibility of the Rogowski based coil for the 
generated plasma. Applied plasma generation system has the similar configuration as the 
Ionospektroskop, but the used discharge tube is a smaller glass tube (LEYBOLD discharge 
tube, open). Thus the applied high-voltage power supply is suitable for this tube (LEYBOLD 
high-voltage power supply).The applied vacuum pump (Galaxair vacuum pump) has the 
similar power as the one used for Ionospektroskop. As soon as the feasibility is proved, with 
the help of additionally appropriate devices, it can be used in the future for measuring the 
further electrical characteristics of the plasma generated by the Ionospektroskop.  
  

4.3.5.2 Operating Principle  
 
According to [A.C.P, 02], [D.A.W, J.LT.E, 93], a Rogowski coil is named after the German 
physicist Walter Rogowski. It is generally defined as an 'air-cored' toroidal coil placed around 
the conductor. It has been used for detecting and measuring electric currents since 1912. 
Rogowski coils in most case have been made by placing windings on a long, flexible former, 
and then the former is bent around the conductor. Moreover, coils wound on rigid toroidal 
formers have been used as well. The measured current flows through the inner surface of the 
torus and the carrying medium for this current is not restricted by a wire as well as the 
direction, position and sense of the current are not restricted. Due to the magnetic field 
produced by the current induces a voltage in the coil, the voltage output is proportional to the 
rate of change of current.  
Because of the independence between the way how the coil is placed round the conductor and 
the voltage output from the coil, the principle of operation of Rogowski coil can be 
considered as the experimental demonstration of Ampere’s law which describes the 
relationship between the electric current flowing and the magnetic field around it. Figure 33 
(based on [R.A.S, C.V]: pp.666) gives a graphic representation for two cases of the Ampere’s 
law. The first case represents an arbitrary closed path around a long, straight current-carrying 
wire and the second case is considered as a special case of the first case, it demonstrates a 
circular closed path of radius r around the wire. As soon as there is current flowing through 
the wire, there is a magnetic field set up by the wire. The relationship between the current and 
magnetic field in the case of a circular closed path can be described by the ampere’s circuital 

law: 
r

I
B



2

0 ([R.A.S, C.V]: pp.665), where µ0 is the proportionality constant called 
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permeability of free space. This formula describes that the magnetic field strength is 
proportional to the current and inversely proportional to the distance from the wire (here is r), 
the direction of the magnetic field is determined by the right-hand rule (the thumb of the right 
hand along a wire points in the direction of positive current, the fingers curl in the direction of 
the magnetic field). Actually, the Ampere’s circuital law in this form is valid only when the 
current in the form of highly symmetric current configurations as well as the currents and 
fields don’t change with time. 

 
Figure 33: Ampere’s law in two cases 

 
However, for an arbitrary closed path, the calculation gets a bit complicated. The path can be 
subdivided into many small segments of the path length. The magnetic field in one segment of 
the path ( ) is the parallel component of the magnetic field ( ). Basing on the ampere’s 

circuital law, the relationship between the current and magnetic filed in the case of an 
arbitrary closed path can be expressed as 

l //B

IlB 0//  ([RA.S, C.V]: pp.665). 

According to [D.A.W, J.LT.E, 93], if this formula applies the integral form, magnetic field is 
denoted as H, and there is an angle  between the direction of the magnetic field and the 
direction of the segment element of the path , it can be expressed as:  dl

 cosHdlI             (4.9) 

 
For a long helical coil encircles the current-carrying wire in an arbitrary closed path, the 
segment element of the magnetic filed flux d  can be demonstrated as: 

 cos0HAndld      (4.10) 

where A is the cross-sectional area; n is the number of turns of the coil.  
The relationship between the current and magnetic filed can be given by 

nAIHdlnAHAndld 000 coscos        (4.11) 

 
Due to the Faraday’s law of induction, the voltage output from the helical coil for an AC 
current can be expressed as the time rate of change of the magnetic flux:  

dt

dI
nA

dt

d
U 0


   (4.12) 

where minus indicates the direction of the voltage output; 
dt

dI
 is the time rate of the current 

change in the conductor.  Moreover, the mutual interaction between the coil and the conductor 
is defined as mutual inductance M:  

nAM 0                    (4.13) 
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Thus, the voltage output can be also denoted as 
dt

dI
MU  . (Equations 4.9-4.13 are based on 

[D.A.W, J.LT.E, 93]: pp.106.) 
 

4.3.5.3 Overview of Selected Devices 
 

 
Plasma Current Sensing Measurements 

In this case, the applied coil is a kind of steel wire coated 
with zinc. Without stretching, the length of coil is 11.99 cm. 
Its diameter is 8.5 mm. The number of turns is 239 and the 
thickness of one turn is 0.8 mm. It is a flexible coil with the 
uniform cross section. It is wrapped tightly around the 
discharge tube. 

 

Rogowski based coil 

Purpose of use: It is applied for sensing the rate of current change flowing 
through the discharge tube while the plasma is created and reaches the defined 
state. 
This glass tube is from LEYBOLD 
Didactic GmbH. Its length is 70 cm. 
The diameter is 4 cm. There are six 
disk-shaped electrodes within the  

LEYBOLD 
discharge tube, open 

tube which are moveable. The required voltage is a value between 3 kV and 10 
kV. The sockets connecting to the power supply is 4 mm. 
Purpose of use: It enables to investigate electrical discharges in gases. With the 
help of the conducted experiments using this tube, related high-voltage power 
supply and the pump, the further electrical plasma diagnostic (for 
Ionospektroskop in the future) can be estimated.  

A product from company Voltcraft enables to measure 
direct voltage (up to max. 1000 VDC), alternating voltage 
(up to max. 750 VACrms), AC/DC current (up to max. 20 
A), resistance (up to max.40 MΩ), capacities (up to max. 
100 μF), frequency (up to max. 10 MHz), and 
temperatures (up to max. 1000°). It measures the true 
effective value (True Rms) when measuring alternating 
voltages and currents as well. Moreover, it is also used for 
diode test or acoustic continuity check. Its input 
impedance is 10 MΩ and the input capacity is less than 
100 pF.  

 

Voltcraft VC 840 
true RMS digital 

Multimeter 

Purpose of use: It is used to measure the total current flowing through the 
plasma generated by the LEYBOLD discharge tube. However, this multimeter 
cannot be used for measuring the total current flowing through the plasma 
created by the Ionospektroskop. The clamp-on ammeter can be thought of as 
the suitable device instead of the multimeter (the setup for the total plasma 
current measurement keeps the same way). 
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4.3.5.4 Measurements Setup 
 
Pretests for the interruption contact system and the direct current combining interruption 
contact glow discharge 
 
In this case, some measurements are taken. In order to measure the total plasma current using 
the digital multimeter and measure the induced current detected by the Rogowski based coil. 
Before the measurement is taken, some pretests are taken into account to give the information 
about the relation among the spacing variation of the two asymmetric electrodes (the 
configuration of the interruption contact system), the variation of the applied high-voltage and 
the change of the supplied current. 
 
Setups for these pretests are distinguished into three situations: 
 
Pretest I: Gap spacing variation of the asymmetric electrodes and the corresponding value 
change of the high-voltage  
 

 One side of the sharp electrode is connected to the anode of the LEYBOLD high-voltage 
power supply and another side of it combining the spherical electrode forms the interrupt 
contact. 

 
 The gap spacing between the two asymmetric electrodes is adjusted by a micro screw meter. 

 
 The high-voltage value is indicated by the digital display of the high-voltage power supply. As 

the spacing changes, the change of the high-voltage value can be also directly read from the 
display. 

 
 The setting of the voltage and the current of the high-voltage power supply is max.5 kV and 

max. 2 mA. 
 

 The air humidity was 68 % as the measurement was taken. 
 

Pretest II: Gap spacing variation of the asymmetric electrodes and the corresponding values 
change of the high-voltage and the current  
 

 The setup is similar as the pretest I. In addition, the current measurement is taken by a 
Voltcraft VC 840 digital multimeter which its cathode is connected to one side of the spherical 
electrode and its anode is connected to the cathode of the high-voltage power supply. 
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Pretest I: Gap spacing variation and the 
value change of the high-voltage  

Pretest II: Gap spacing variation and the values change 
of the high-voltage and the current 

 
Pretest III: Gap spacing variation of the asymmetric electrodes and the corresponding values 
change of the high-voltage and the current in the presence of the discharge tube and the 
vacuum system 
 

 In contrast to the pretest I and II, this pretest gives the similar configuration as the direct 
current combining interruption contact glow discharge (the plasma generation system in this 
work). The difference in this case is that the digital multimeter can be directly used for 
measuring the total plasma current due to the dimension of the applied discharge tube and the 
power of the used high-voltage power supply (due to the dimension and the construction of the 
Ionospektroskop, the Heinzinger high-power supply has more power than the LEYBOLD one 
which used in this case). 

 
 The spherical electrode is connected to the anode of the discharge tube. The cathode of the 

discharge tube is connected to the anode of the VC 840 digital multimeter. 
 

 The cathode of the digital multimeter is connected to the cathode of the high-voltage power 
supply. 
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Pretest III: Spacing variation and the values change of the high-voltage and the current in the presence 

of the discharge tube and the vacuum system 
 
 
Total plasma current and sensing the rate of the current change measurement 
 
The setup for this measurement contains the plasma generation system, VC 840 digital 
multimeter for total plasma current measurement and the Rogowski based coil sensing the 
induced current combining the oscilloscope for monitoring the result. 
 
 The plasma generation system includes the LEYBOLD high-voltage power supply, 

interruption contact, the Galaxair vacuum pump, and the LEYBOLD discharge tube. 
 
 One side of the VC 840 digital Multimeter is connected one side of the vacuum tube and 

another side of it is connected to the high-voltage power supply; this enable to measure the 
total plasma current flowing through the vacuum tube while the plasma is created and reaches 
the defined state.  

 
 A Tektronix attenuator probe with the attenuation factor x10 in use is gripped on the rogowski 

based coil which is positioned approximately in the middle of the discharge tube. Meanwhile, 
the probe is also connected to the Tektronix oscilloscope TDS 360. 

 
 The measured result is monitored by the Tektronix oscilloscope TDS 360. 
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Figure 34: Total plasma current and instantaneous current sensing measurement 

 
 

4.3.5.5 Measuring results and discussion 
 
Pretests for the interruption contact system and the direct current combining interruption 
contact glow discharge 
 
The measuring values and the graphical representation are given as follows: 
 

Pretest I: Gap spacing variation of the asymmetric electrodes and the corresponding value change of the 
high-voltage 

 
Spacing  Voltage 

[mm] [kV] 
0 0.9 

0.1 1.8 
0.2 2.1 

0.3 2.2 

0.4 2.4 

0.5 2.7 
 

Test I: Spacing Variation vs. Value Change of the 
Applied High-voltage 
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For the pretest I, the gap spacing between the two asymmetric electrodes can only be adjusted 
up to 0.5 mm. Because ex 0.6 mm, it is possible to create spark, however the spark doesn't 
appear so easy any more, and due to the previous discharge process, more free electrons are 
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created, the discharge is already different from the preceding process. As the diagram shows, 
the applied voltage is proportional to the gap spacing. 
 

Pretest II: Gap spacing variation of the asymmetric electrodes and the corresponding values change of the 
high-voltage and the current 

 

Spacing Voltage Current 
[mm] [kV] [µA] 

0 1.5 12.8 
0.1 0.9 42 
0.2 2 19 
0.3 2.3 16 
0.4 2.5 15 
0.5 2.6 14 
0.6 2.8 18 
0.7 3.2 14 

 

Test II: Spacing Variation vs. Value Change of the Applied 
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For the pretest II, the gap spacing between the two asymmetric electrodes can be adjusted up to 
0.7 mm. Due to the asymmetric configuration, with the voltage value 1.5 kV, although the two 
electrodes touch each other (gap spacing equals zero), there exists nonetheless spark. The 
applied voltage, is proportional to the gap spacing ex 0.1 mm. 

Test II: Spacing Variation vs. Value Change of the Measured 
Current
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Without respect to the current value at the spacing equaling zero, the current is inversely 
proportional to the gap spacing from 0.1 mm to 0.5 mm. The same reason as the pretest I, the 
gap spacing ex.0.6, the discharge situation can be considered as not identical as the previous 
process. The current at 0.6 mm increased slightly in contrast to its reduced behavior with the 
increased gap spacing. 
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Test II: High-voltage vs. Current
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Without respect to the voltage and the current value at the gap spacing equaling zero, the current 
is inversely proportional to the voltage from 2 kV to 2.6 kV. The voltage at spacing equaling 0.1 
mm is 0.9 kV and the voltage at the gap spacing equaling zero is 1.5 kV. Thus the voltage in 0.9 
kV is ignored. 
 
Although a current measuring device was added to the circuit, the applied voltage with respect 
to the gap spacing variation, the pretest I and pretest II shows similarity.  
 

Pretest III: Gap spacing variation of the asymmetric electrodes and the corresponding values change of the 
high-voltage and the current in the presence of the discharge tube and the vacuum system 

 
Spacing Voltage Current 

[mm] [kV] [µA] 
0 1.3 860 

0.1 1.5 190 
0.2 1.8 65 
0.3 2 44 

0.4 2.7 26 
0.5 3 23 
0.6 3.5 18 
0.7 3.9 16.9 

 

Test III: Spacing Variation vs. Value Change of the Applied High-
voltage 
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For the pretest III, the gap spacing between the two asymmetric electrodes can be also adjusted 
up to 0.7 mm. With the presence of the spark, the applied voltage is proportional to the gap 
spacing from 0 mm to 0.7 mm. Because the discharge tube and the vacuum system are also 
present, a glow discharge is obviously present at gap spacing from 0.7 mm to 0.8 mm in the 
voltage range from 3.7 kV to 4.5 kV. The current is inversely proportional to the gap spacing 
from 0 mm to 0.7 mm and the voltage from 1.3 kV to 3.9 kV. Pretest III gives the evidence that 
with the help of the configurations of combining two metallic disk electrodes (within discharge 
tube) and spherical-sharp electrode (immersed in normal air and form the interruption contact 
system), a plasma generation under a defined state is executable (this configuration is also the 
foundation for the plasma generation using Ionospektroskop). 
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Test III: Spacing Variation vs. Value Change of the Measured Current
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Test III: High-voltage vs. Current
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Comparison the results between pretests 
 
The graphical representation of the measuring values from pretest I, II and II or pretest II and 
III is given as follows: 
 

Test I, II and III Spacing Variation vs. Value Change of the Applied 
High-voltage 
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The applied voltage with respect to the gap spacing variation (ex 0.2 mm), the pretest I and 
pretest II shows most similarity. Actually, all three pretests show the proportional behavior 
between the applied voltage and the gap spacing. 
 

Test II and III: Spacing Variation vs. Value Change of the 
Measured Current
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The measured current with respect to the gap spacing variation (ex 0.2 mm), the pretest II and 
pretest III shows most similarity, especially ex 0.4 mm. The measured current values in 
pretest III are larger than in pretest II, due to the added glow discharge configuration (the 
discharge tube and the vacuum system). 
 

Test II and III: High-voltage vs.  Current
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For the measured current with respect to the applied voltage (from 2 to 2.6 kV), the pretest II 
and pretest III show similarity. 
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Total plasma current and sensing the rate of the current change measurement 
 
Like the corresponding setup shows, the digital multimeter VC 840 is responsible for 
displaying the total plasma current, according to the faraday’s law of induction and ampere’s 
circuital law, the rogowski based coil can sense the rate of the current change with the 
presence of the plasma and with the help of the TDS 360 oscilloscope, the measured result 
can be demonstrated. The rate of current change in the presence of the plasma is proportional 
to the voltage output measured by the oscilloscope.  
 
Graphical representation of a measuring example taken in Mar.26.2013 is given here: an 
initial display (with the absence of the plasma) of Tektronix Oscilloscope TDS 360 is firstly 
illustrated.  

 
Graphical representation of the measuring example taken in Mar.26.2013: 

 
Initial display (with the absence of the plasma) 

 

 
 

With the presence of the plasma, several tests were taken. The amplitude of the sensed 
electrical signal is measured as the peak to peak. At the same time, a time measurement 
for the significantly displayed wave crest is taken as well. The figure on the left gives an 
example of the measuring result from test 1. Another figure on the right gives a second 
example of the measuring result from test 11. The waveform from both tests shows great 
similarity. Actually, the waveforms from 11 tests are very similar. However, the 
measured amplitude indicates the difference. 
 

 
 
 

 122



Examples of the measuring values with the presence of the plasma 
 

 
Total plasma current measurement using VC 840 digital multimeter 

 
Total plasma current [µA] Test 

number  
Minimum 

 
Maximum 

Difference 
between max. 

and min. 
1 83.5 93.1 9.6 
2 87.5 102.9 15.4 
3 80 103.2 23.2 
4 87 107 20 
5 77.3 106 28.7 
6 51.2 88 36.8 
7 73.5 92.6 19.1 
8 82.4 106.4 24 
9 81.7 121.4 39.7 

10 74.3 107.7 33.4 
11 82.7 101.6 18.9 

Although the applied current for the plasma 
generation is direct current, due to the fact 
that in our case the interruption contact is 
used, the spark electrical discharge between 
the asymmetric electrodes is continuously 
created. Each igniting process due to the 
number of produced free electrons shows 
difference, as the result, the amplitude of the 
measured total plasma current fluctuates 
within a certain range. Therefore, it is only 
possible to take a minimum current value 
and a maximum value from each test.  

The smallest and largest total plasma current in these tests are 51.2 µA from test 6 and 121.4 µA 
from test 9. The smallest and largest total plasma current fluctuations in theses test are 9.6 µA from 
test 1 and 39.7 µA from test 9.  
Since the VC 840 digital multimeter with a digital readout is present, in comparing to oscilloscopes 
in this case, it is necessary to respect the reading error caused by operator reading. It follows the rule 
"± one-half of the last digits." ([DM.H, 01], [R.U.P]). 
The reading error for this digital device indicates ± 0.05 µA. 
 
 

Rogowski based coil sensing the rate of current change 
 
For the measured voltage by the TDS 360 oscilloscope, because the monitored waveform shows 
irregularity, it is only possible to take a peak to peak measurement for the amplitude of the sensed 
voltage. The voltage output can be also denoted the time rate of current change in the discharge tube. 
The reason for taking a time measurement is to check the repetitiveness for the discharge process 
(occurring between two asymmetric electrodes) and to gain better understanding for the discharge 
process in our case. 12 wave crests are measured. 
 

Time measurement for the wave crest [ns] Test 
number 

Measured 
voltage 

[V] 
1 2 3 4 5 6 7 8 9 10 11 12 

1 562 40 56 76 96 124 232 332 412 512 628 736 864 

2 486 40 52 64 92 124 224 332 444 540 660 772 904 
3 498 40 52 68 96 124 228 336 452 564 688 788 924 

4 532 40 52 72 100 124 228 340 456 600 732 828 964 
5 542 40 52 68 92 124 228 336 440 540 668 768 904 
6 520 40 52 68 96 124 228 340 452 564 692 792 936 
7 550 40 52 68 96 124 228 336 - 532 648 760 892 
8 608 40 56 72 96 120 224 320 432 556 652 792 964 
9 588 40 56 68 92 120 224 328 - 512 628 740 872 
10 620 40 52 72 92 120 224 328 472 - 612 700 852 

11 512 40 52 72 92 120 224 328 484 - 620 720 856 

 
The smallest and largest magnitude of the measured voltage in these tests are 486 V from test 
2 and 620 V from test 10. The time of number 1 gives the identical output for all tests; it 
indicates a process before a desired spark electrical discharge starts. The measured time from 
number 2 to number 5 wave crests give a very similar result. Most tests show the same or 
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similar output, the time difference between tests stays 4 nano seconds. The time from number 
2 to number 4 indicates also the process before the desired spark electric discharge occurring. 
In other words, from 40 nano second to the time up to 120 nano second, the spark electrical 
discharge doesn’t reach the desired state. The time of number 5 crest indicates the spark 
electrical discharge reaching the desired state and the amplitude of voltage is taken in this 
case. The figure below shows an example for taking the time measurement at the time 
equaling 124 nano second. The vertical cursor was used to measure the number 5 wave crest. 
 

 
 
The measured time from number 6 to number 7 wave crests give a similar result as well.  
The time difference between tests approximately stays 4 nano seconds. From time of number 
5 crest to the time of number 6 crest, the voltage waveform indicates exponentially. From the 
time of number 8 crest to the time of the number 12 crest shows some similarity. However, 
the time difference between tests shows relatively larger. 
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4.3.6 Reviewing Understanding from the Measuring Results  
 
A reviewing understanding from the measuring results in this work is given as follows:  
 

Measurements Measured results 
 

With the help of the configuration of the symmetric electrodes and asymmetric 
electrodes, the appropriate vacuum system as well as the high-voltage power supply 
system, a repetitive electrical discharge process is created i.e. plasma is successfully 
generated, and by using a kind of floating measurement (using Clamp-On Ammeter 
I), the generated plasma are under a defined state. Using the discharge current and 
voltage of the high-voltage power supply, the electron density of the created plasma 
(3.9 x 109 m-3) can be estimated as well as the plasma frequency (approx. 3.5 MHz) 
and the critical frequency (approx. 0.56 MHz). 
Remarks:  

Plasma Generation 

In fact, the plasma state is very difficult to reach a stable case; the reason is that the 
temperature or density gradients result in the plasma instabilities. At the same time, 
because of the contact between the plasma and the vessel surface, the plasma 
conditions are very hard to keep exactly same from one day to the next, sometimes 
even happen in a very short time interval. In other words, it is also very difficult to 
reproduce the exact same plasma. In the present case, by means of the generating 
method of the plasma (direct current combining interruption connection glow 
discharge), the generated plasma can reach a defined state. It is reproducible if 
several control conditions are fulfilled: because the plasma emits visible light, our 
eyes can be as a rough initial scale to perceive the light. This gives the first 
impression such as observing changes in the spatial structure of the plasma (whether 
the whole volume of the acrylic glass tube is filled with the luminary phenomena); 
changes in brightness or colour of the plasma; fluctuation and instability of the 
plasma. Additionally, because the plasma conducts electricity, a new checking 
method based on Clamp-on ammeter is used and this kind of method by means of 
oscilloscope demonstrates also a visible observation. Normally, if the plasma state 
reaches a defined state, we see that the plasma is relatively bright and presents low 
fluctuation, the whole volume of the acrylic glass discharge tube is filled with the 
luminary phenomena.  
For the whole project, plasma generation is an essential requirement and supplies a 
foundation for all other measurements. 

For the experimental environment, it is better that the disturbances are as few as 
possible. In the present case, with the presence of high inductive detectors and a 
frequency measuring range taken from 0 kHz to 50 MHz, it provides a possibility to 
detect the possible electromagnetic disturbance in the laboratory. The detected 
frequency in the lab is 3.19 MHz and 24 MHz. 

Remarks: 

Checking 
Experimental 
Environment  

However, 24 MHz could also be possible that this frequency is a higher order 
frequency of the fundamental frequency 3.19 MHz. According to the estimated 
plasma frequency (approx. 3.5 MHz), 3.19 MHz could be the plasma frequency.  
In addition, by checking the results measured by the pairs of Helmholtz coils in the 
same day, the spectra line with a width (31-36 MHz) in this case has to be regarded. 
Since the pairs of Helmholtz coils have detected the similar spectra (about 31-37 
MHz). It could be related to the higher order plasma frequency. However, to prove 
this supposition, additional measuring method should be developed in the future. 
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Floating 
measurements 

This kind of measurement can be denoted as one sub-category of the voltage 
measurement. According to the structure of the Ionospektroskop (seven pairs of 
symmetric pencil electrode), the devices connected to these electrodes in the presence 
of plasma require a floating measurement.  
In this work, there are five kinds of floating measurements based on different devices 
in use. Due to the dangerousness for devices and operators by taking floating 
measurements (non-ground-referenced), if the traditional oscilloscopes are in use, the 
first choice is some robust oscilloscopes with less sensitivity (such as HM 
oscilloscope) combining with appropriate probes. However, owing to the limitation 
of the HM digital scope, for better measurement accuracy and advanced storage 
possibility for the measuring result, two kinds of high-end four-channel LeCroy 
oscilloscopes are also used. In the present case, three kinds of measurements using 
different oscilloscopes combining with high-voltage probes or other kind of 
probes/device are taken.  

using high-voltage 
probes I 

In this measurement, two high-voltage probes combining HM 1507-3 s Analog 
Digital Scope and Brandenburg Analog Voltmeter are used. With an average value of 
approximate 1.7 μs of the time difference, the similar signal waveform (a vertical rise 
with a slow-decay, may be called 0.5 μs /0.5 μs pulse shape) is repetitively displayed. 
This kind of waveform may illustrate the start processes of the spark electrical 
discharge occurring at the interruption contact. Each start process creates a vertical 
rise with the average voltage value of approximate 10 V, which is detected by the 
high-voltage probe attached to the pencil electrodes, and then the slow-decay 
accompanies.  
In addition, with the presence of the plasma, the analog display of the Brandenburg 
Analog Voltmeter normally shows a voltage value at  
1.5 kV (with a reading error of ±0.25 kV). If the plasma does not reach the defined 
state, the analog display gives a fluctuation voltage range from 1 kV to 6 kV with the 
presence of the positive polarity; with the presence of the negative polarity the analog 
display gives a fluctuation voltage range from -1 kV to -16 kV. 

using high-voltage 
probes II 

In this measurement, two high-voltage probes combining a high-end four-channel 
LeCroy oscilloscope (LeCroy WaveRunner 104Xi-A) are in use. The voltage 
measurement is taken in the time domain. Examples of measuring results are taken 
from three different days. The measured voltage values from these three days are not 
comparable. In order to check the repetitive process (similar signal waveform 
repetitively displayed), the time difference between two measured time values (called 
one time interval) is calculated.  
The time intervals from each day do not really show regularity and repeatability. The 
comparability among these three days is also not well. However, the most appeared 
time interval for these three measurements from 0.1 to 0.3 ms is considerable. 
Moreover, the measured voltage values in three days are so different, they are not 
comparable; the reason for this may be found by taken more accurate experiments 
and more investigations. Because the electrons move faster, the minus sign may 
mean that the measured floating potential tends to be negative (to repel the incoming 
electrons). The measured maximal positive voltage is 728 V. The measured minimal 
positive voltage shows 1 V. The measured maximal voltage with the minus sign is 
128 V. The measured minimal positive voltage shows 1 V. In some cases, the value 
of voltage is 0 V, it may not mean that the voltage is equal zero; it may mean that the 
collected positive and negative charges have equal number, the sum of the value of 
voltage shows zero. Most case of voltage values from examples show positive. Thus, 
in this case, the measured floating potential in theses three days can be denoted to 
tend to be positive. The measured minimal positive and voltage with the minus sign 
shows 1 V. 
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using high-voltage 
probes III 

In this measurement, high-voltage probes combining attenuator probes and another 
high-end four-channel LeCroy oscilloscope (LeCroy SDA 820Zi-A) are in use. The 
voltage measurement is taken in the time domain. Examples of measuring results are 
taken from two different days (August.15.2012 and August 16.2012). The time 
difference between two times in August.15 can be said to be from 0.1 ms to 0.2 ms, 
i.e. a repetitive process within an approximate time range from 0.1 to 0.2 ms is 
considerable. The time difference between two times in August.16 can be said to be 
from 0.1 ms and 0.3 ms, i.e. a repetitive process within an approximate time range 
from 0.1 to 0.3 ms is considerable. 
The displayed waveform by the channel 3 of the oscilloscope indicates the measured 
results taken by a high-voltage probe from an upper pencil electrode. The displayed 
waveform by the channel 4 of the oscilloscope indicates the measured results taken 
by another high-voltage probe from a lower pencil electrode.  The waveforms from 
two measuring examples show some comparability. Additionally, because applied 
attenuator probes for channel 3 and 4 of the oscilloscope have a different attenuation 
factor: X100 and X10, the waveform displayed by the channel 3 gives more 
information than the waveform displayed by the channel 4. 
Most case of the voltage values from channel 3 in both days shows negative and all 
measured voltage values from channel 4 are negative. As mentioned before, because 
the electrons move faster, the minus sign may mean that the measured floating 
potential tends to be negative (to repel the incoming electrons). Thus, in this case, the 
measured floating potential in both days can be denoted to tend to be negative.  
Although the numbers of measured data in both days are different, the comparability 
of the voltage values from two days is executable.  The measured maximal positive 
voltage values from channel 3 in August.15 and 16 are 750 V and 650 V; the 
measured minimal positive voltage values are 0 V and 50 V. The positive voltage 
values from channel 3 in both days show similarity. The measured maximal negative 
voltage values from channel 3 in August.15 and 16 are 1800 V and 1900 V; they 
show similarity as well. The measured minimal negative voltage values from channel 
3 in August.15 and 16 are 500 V and 50 V; they show less similarity. 
Furthermore, the voltage values from channel 4 in both days show better 
comparability. Most case of the measured negative voltage values from channel 4 in 
August.15 is 360 V. Most case of the measured negative voltage values from channel 
4 in August.16 is 360 V, 400 V and 440 V; they appear almost same frequency. 
However, the rough range of the measured negative voltage values from channel 4 in 
both days is similar. The reason could be related to the location of the attached pencil 
electrode. The lower pencil electrode (Channel 4) may provide a better collection 
condition for the high voltage probe than the upper electrode (Channel 3). The 
precise reasons may be found by taken more accurate experiments and more 
investigations. 

Remarks:   
Three kinds of floating measurements using high-voltage probes are taken in the time 
domain. The repetitive process detected by the measurement I is about 1.7 μs. The 
repetitive process detected by the measurement II and III approximately occurs from 
0.1 ms to 0.3 ms. The maximal floating voltage is with the value of 1.9 kV (with 
minus sign) measured by measurement III, it is similar as the measured result by the 
Brandenburg Analog Voltmeter in the presence of the plasma (with the value of 1.5 
kV) in measurement I. The floating voltage values from lower pencil electrodes show 
better comparability by using the combination of the high-voltage probe and the 
attenuator probe with the attenuation factor x 10. 
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using Clamp-On 
Ammeter I 

This kind of measurement enables to check the state of the created plasma. Instead of 
using probes, a clamp-on ammeter is used which is gripped on the cable (separately 
connected to a pair of symmetric pencil electrode: upper and under). With the help of 
BNC to banana plugs connecting the clamp-on ammeter and TDS Oscilloscope, the 
measured electrical voltage signal is displayed by the oscilloscope.  
In this measurement, seven pencil electrode pairs in the symmetric vertical direction 
(upper and lower) were tested. In fact, there are many possibilities to combine two 
pencil electrodes to a pair. In this case, the pair located in the symmetric position is 
taken. The reason for selecting an upper one and a lower one at the end to build a pair 
is based on the pretest results: if the both electrodes selected from the upper side or 
the lower side, a spark discharge is generated between the pencil electrode (the 
internal part of it in the discharge tube) and a disk electrode within the acrylic glass 
discharge tube. At the same time, the glow discharge cannot be created any more and 
this phenomenon may damage the discharge tube.   
The results of the electrode pair collected from the anode to the cathode of the 
acyclic discharge tube (the distance is increased with associated to the increased 
number of the electrode pair) follow an approximately inverse linear relationship 
between the increased distance and the amplitude. The measuring result gives 
evidence: by means of this kind of measuring method, it doesn’t matter which 
electrode pair is selected for checking the state of the created plasma, as soon as the 
plasma reaches the defined state, there is a corresponding waveform for this state to 
be displayed. The related voltage amplitude can be compared to the already measured 
results. 
For the plasma state checking, the fourth pencil electrode pair is selected (it locates in 
the middle of the acrylic glass discharge tube and with a maximal voltage value of 
2.75 V and a minimal voltage value of 0.18 V within the time interval of 376 ns ). 

This measurement using the clamp-on ammeter combining a high performance 
oscilloscope (LeCroy SDA 820Zi-A) and an attenuator probe gives a voltage 
measurement in the time domain. Instead of using the cable connecting the upper and 
lower pencil electrode, a ring discharge tube is used. Examples of measuring results 
are taken from three different days (Sep. 06, Sep.07 and Sep.14.2012). Most case of 
the time difference values in Sep.06 show approximate 0.1 ms. I.e. the repetitive 
process within an approximate time range of 0.1 ms is considerable. The time 
difference values in Sep.07 show less regular. Most case of the time difference values 
indicates approximate 0.1 and 0.3 ms, i.e. the repetitive process within an 
approximate time range from 0.1 to 0.3 ms is considerable. The measured voltage 
values in these both days represent positive and negative. The polarity of values from 
two days is almost comparable. However, the measured voltage values show less 
similarity. The displayed waveform represents a set of vertical lines. 
In comparison to the examples from other two days, the example from Sep. 14.2012 
selecting another time resolution, gives a waveform representing more information 
that is a combination of the vertical rise and a slow-decay (a kind of pulse shape, may 
be called 2 μs /4 μs pulse shape). With an average value of approximate 0.05 ms of 
time difference, it is repetitively displayed as well. This kind of waveform may also 
illustrate the start processes of the spark electrical discharge (occurring at the 
interruption contact). I.e. each start process creates a vertical rise with the average 
voltage value of approximate 2.8 V, which is sensed by the clamp-on ammeter, and 
then the slow-decay accompanies. 
Remarks:  

using Clamp-On 
Ammeter II 

The displayed waveform of the measurement using high-voltage probes I and the 
measurement using clamp-on ammeter II (example from Sep. 14) show similarity. 
The occurring repetitive process detected by high-voltage probes measurement II and 
III as well as by clamp-on ammeter II (examples from Sep. 06 and 07) approximately 
lie from 0.1 ms to 0.3 ms. 
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Based on a well known technology (rogowski coil current sensing technology), the 
main purpose is to test the feasibility of Rogowski based coil for the generated 
plasma and to measure the plasma electrical characteristic (total plasma current). In 
the present case, the coil in use is a kind of steel wire coated with zinc (Rogowski 
based coil). This coil is arranged as the closed coil. It is applied for sensing the rate 
of the current change flowing through the vacuum tube when the plasma reaches the 
defined state. With the help of an attenuator probe and an appropriate oscilloscope, 
the sensed electrical signals can be displayed. A digital multimeter is used for the 
total current flowing through the plasma generated by the LEYBOLD discharge tube. 
However, this kind of multimeter cannot be used for measuring the total current 
flowing through the plasma created by the Ionospektroskop. The clamp-on ammeter 
can be thought of as the suitable device instead of it (the setup for the total plasma 
current measurement keeps the same way). 
Before the measurements were taken, several essential pretests for the interruption 
contact system and the direct current combining interruption contact glow discharge 
were taken. These Pretests give the important evidence: with the presence of the 
configurations of combining two metallic disk electrodes (within discharge tube) and 
spherical-sharp electrode (asymmetric electrode pair immersed in normal air and 
form the interruption contact system), the plasma generation under a defined state is 
executable (this configuration is also the foundation for the plasma generation using 
Ionospektroskop). At the same time, these pretests show proportional behavior 
between the applied high voltage and the gap spacing between the asymmetric 
electrode pair. 
The smallest and largest total plasma current in these tests are 51.2 µA and 121.4 µA 
from test 9. The smallest and largest total plasma current fluctuations in these tests 
are 9.6 µA and 39.7 µA. The reading error of the digital Multimeter indicates ±0.05 
µA. 
The smallest and largest magnitude of the measured voltage (sensing by the rogowski 
based coil) in these tests are 486 V and 620 V. This kind of voltage output can be 
denoted as the time rate of current change in the discharge tube. At the same time, the 
repetitiveness for the discharge process (occurring between two asymmetric 
electrodes) is checked by taking a time measurement. From 40 nano second to the 
time up to 120 nano second, the spark electrical discharge doesn’t reach the desired 
state. With a time of 120 nano second or 124 nano second indicates the spark 
electrical discharge reaching the desired state and the amplitude of voltage is 
measured in this case. 
Remarks: 

Rogowski based 
Coil Measurements 

In this measurement, applied plasma generation system has the similar configuration 
as the Ionospektroskop, but the used discharge tube is a smaller glass tube 
(LEYBOLD discharge tube, open). Thus the applied high-voltage power supply is 
suitable for this tube (LEYBOLD high-voltage power supply). The applied vacuum 
pump (Galaxair vacuum pump) has the similar power as the one used for 
Ionospektroskop. As soon as the feasibility is proved, with the help of additionally 
appropriate devices, it can be used in the future for measuring the further electrical 
characteristics of the plasma generated by the Ionospektroskop. 
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In order to reduce/avoid the systematic errors, the used devices have to be calibrated. The 
measurement accuracy in this case depends on applied devices, measurement settings and measured 
parameters (information comes from the technical specifications of devices) as well as measurement 
techniques/methods. The measurement accuracies of mainly used devices for collecting measured 
data in this work are given as follows: 

Measurements Measurement Accuracy 
Devices for collecting 

measuring results 
Accuracy specification Checking 

Experimental 
Environment  LeCroy WaveRunner 6200 A DC Gain Accuracy is ±1.0% of F.S. (full scale) 

(typical). 
 

HM 1507-3 s Analog Digital 
Scope 

For the measured voltage, accuracy in calibrate 
position (5 mV/div-20V/div) is ±3 %. 

 
LeCroy WaveRunner 104Xi-A DC Gain Accuracy is ±1.0% of full scale (typical); 

±1.5% of full scale, ≥10 mV/div (guaranteed). 
 

LeCroy SDA 820Zi-A DC Gain Accuracy is ±1% F.S. (typical), offset at 
0V; ±1.5% F.S. (test limit), offset at 0V. 

 

 
 
 
 

Floating 
measurements 

 

Tektronix TDS 360 
oscilloscope 

Using the Offset control voltage, the accuracy 
reaches ±2% or ±4%. 

 
Rogowski based 

Coil 
Measurements 

Voltcraft VC 840 true RMS 
digital Multimeter 

For the measured current in the measuring range 
400μA, the accuracy is ± (1.0%+5dgts). 
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Part V 
 

Trial Measurement: Bounce Motion 
Measurement 

 
 

Objective, Background of the Bounce Motion, Trial Observation of Bounce Motion Signals 
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5 Trial Measurement: Bounce Motion Measurement 
 

5.1 Objective 
 
Due to the fact, the ionosphere has a dynamic response to the solar activities. The 
geomagnetic variation caused by the solar events (such as solar wind) is a kind of indicator of 
the solar activities. In order to investigate the interaction between the Sun and the Earth, Dr. D. 
Ewert has tried to measure this kind of geomagnetic variation from the ground. He has 
worked in focus with a new geomagnetic measuring method in the last eight years.  
 
The basic idea is: due to the dynamic structure of the magnetopause, it is in response to the 
solar wind pressure; this response can be represented by the location change of the 
magnetopause. Thereby a resonance oscillation in the Van Allen belts (in relation to the 
changes of the geomagnetic field) is also generated. This causes the trajectory changes of the 
trapped charged particles. With the help of examining the motion of charged particles in the 
geomagnetic fields, the interaction between the solar-triggered event and the Earth’s magnetic 
field could be understood in some degree. The geomagnetic field variations (especially for the 
frequencies below 40 Hz) could be directly measured on the ground by using carefully 
selected devices and specially manufactured detectors. Because B  is a reciprocal of the 

bounce frequency: 
B

B f

1
 , the developed method describes a new measuring method that 

takes into account of bounce motion signals in the frequency range of 0 to 20 Hz (or 40 Hz).  
 
Before we took part in, Dr. D. Ewert has already applied two generations of detectors and one 
kind of receiving system. In the last three years, we take part in the trial measurement (the 
bounce motion measurement). The specially manufactured detectors and the receiving system 
have experienced a new development (detectors: Measuring case to High inductive Detector 
III, and receiving system: two receiving systems to three receiving systems). For more 
detailed background information for trying to measure bounce motion signals, Dr. D. Ewert. 
is available to you. Additionally, there is also much valuable information about some 
foundation of this kind of measuring method contained in the literature [S.D, 08].   
 
The intension of this trial measurement related to the Ionospektroskop project is if the bounce 
motion measurement were successful, it may enable to provide a possibility to find out the 
correlation between a practical measurement (indicator for the interaction between the solar-
trigged events and the Earth, so that cause an influence on the ionosphere) and the laboratory 
simulation in the future. The task of this work for this kind of measurement is to test the 
feasibility of the current measurement configurations. 
 
In order to give a fundamental understanding about this trial measurement, the following 
subchapter introduces a brief background of the bounce motion. 
 

5.2 Background of the Bounce Motion 
 

Two factors: the internal field of the Earth and solar wind decide the properties of the region 
surrounding the Earth in space called “magnetosphere”, which is measured often in Earth 
radii RE, has a dynamic structure, possesses a rounded compressed side (sunward, dayside) 
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with about 6–10 RE and a magnetotail (in the night side). The Sun continually throws charged 
particles at the Earth (as an example of solar-triggered events, the solar wind, is the stream of 
electrically charged energetic particles flowing outward from the sun into the space), when 
the charged particles carried by the solar wind encounters the Earth, the magnetosphere 
shields Earth from those particles, so that many of them are deflected around the edge of 
magnetosphere. As a result, they flow into the outer solar system.  
The remaining particles can enter the magnetosphere. In fact, before the particles reach the 
magnetosphere, they have to experience bow shock, magnetosheath and magnetopause. Bow 
shock occurs where the solar wind encounters the Earth’s magnetosphere; it is at a distance of 
3–4 RE and responsible for decelerating and deflecting the solar wind flow before it reaches 
the magnetopause. The magnetosheath is the region between the bow shock and 
magnetopause, where is occupied by the shocked solar wind plasma. The magnetopause 
separates the magnetosheath and the magnetosphere; it moves inwards and outwards, the 
strongness of movements depends on the solar wind conditions, such as velocity, density and 
structure of the solar wind. Because the Earth has a dipole magnetic filed, it enables a fairly 
large source of particles to collect in its magnetic fields. Some charged particles get trapped in 
the geomagnetic field and move in three ways: they spiral along the geomagnetic field line 
(Gyro motion), bounce back and forth along the line of force between mirror points located 
towards the magnetic poles (Bounce motion), and gradually drifts longitudinally around the 
Earth (Drift motion). These three motions are periodic and take place simultaneously. The 
following figure (Based on [IMPRS, 07] Lecture 3: pp.7) is a graphic representation of three 
motions.  

 
 

Figure 35: Trajectory of the trapped charged particle motions 
 

5.2.1 Dipole Magnetic Field 
 
According to [W.B, R.A.T, 97], [IMPRS, 07]: lecture 3, the Earth’s magnetic field at 
distances not too far from the surface can be approximately considered as a dipole field. The 
details and inferences for the following all referred equations can be found in the mentioned 
literatures or related references. Choosing a spherical coordinate system, an azimuthally 
symmetric dipole field with the Earth’s dipole moment (ME) can be obtained by the equation 
as follows: 
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Where μ0 is the magnetic field moment; the dipole moment , r is the 

radius; λ is magnetic latitude;  are the unit vectors in the r and λ directions. 
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At specific location, the dipole field strength can be expressed as  
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The typical dipolar magnetic field lines can be represented as the following figure ([W.B, 
R.A.T, 97]: pp.33): 
 

 
Figure 36: Typical dipolar magnetic field lines 

 
The field line equation can be given by  




B
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r

     (3.3). 

And it can deduce the radius  

2coseqrr     (3.4). 

Where req is the equatorial radius, i.e. the distance where magnetic field line crosses the 
equator. If ds is defined as the arc element along the field line, the equation  
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gives the change of the arc element along the field line with respect to the magnetic latitude. 
If the distance is taken as the Earth‘s radius, RE, and using the equatorial magnetic field on the 

Earth’s surface, T
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, the so-called L-shell parameter (or L-value) is 

defined:
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5.2.2 Bounce Motion 
 
Because the dipole field is a magnetic bottle, a magnetic mirror configuration exists. Due to 
this fact, the charged particles can be confined in the two mirror points and do the bounce 
motion. The magnetic Latitude of mirror point m depends only on pitch angle . If the   is 

too small, the charged particles can escape through the ends of the mirror rather than 
reflecting between them. The mirror point is the pitch angle equal to 90°. 
 

5.2.2.1 Equatorial Pitch Angle 
 
The pitch angle is defined as the angle between the direction of the charged particle’s velocity 
and the magnetic filed line. The equatorial pitch angle 0  is the pitch angle at equator and it 

can be determined by the equation 
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Where the Beq and Bm are the magnetic field strength at equator and at the mirror point. 
 

5.2.2.2 Bounce Loss Cone 
 
The right figure ([W.B, R.A.T, 97]: pp.36) 
gives the geometry of the equatorial loss 
cone. The bounce loss cone contains a 
double cone structure. Its width depends 
on the L-values.  are parallel and 

perpendicular velocity components of the 
particle’s velocity. 

vv ,||

If the equatorial pitch angle is smaller 
than the angle of equatorial bounce loss 
cone within a solid angle (dΩ), the 
charged particles will leak out in the 
atmosphere instead of getting trapped in 
the magnetic field line. 

 
Figure 37: Geometry of the equatorial Loss Cone 

 
The equatorial bounce loss cone can be determined by the equation: 
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According to the equation (3.4), for given L-values, the magnetic field line crosses the surface 
at latitude E  yielding the equation: 

LE

1
cos2      (3.9) 

Then another expression for the equatorial bounce loss cone can be given by 
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5.2.2.3 Bounce Period  
 
Bounce period ( B ) is defined as the time is taken by particles doing back-and-forth motion 
between the two mirror points. Bounce motion in a dipole field can be calculated by using the 
following equation: 
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where s is the path length along the magnetic field line.  can be determined by  ||v
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Combing the equation (3.5) and (3.12)  
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A simplified formula (Details can be found in [G.W.P, 04]: pp.223-228) for an approximate 
expression for bounce period is present:  

 
E

L
SRm EB  018       (3.14) 

where m is the mass of charged particles; RE  is the Earth radius; 0  is the equatorial pitch 

angle, 001 sin56.03.1)(  S  (3.15);  For this calculation, 0  takes a small angle 30° 

( ), Then the approximate value for S1 is ; L is the L-shell parameter; the 

particle (protons, electrons) energy E in keV can be approximately calculated as long as the 
bounce motion frequencies are determined.  

0300  1)30( 0
1 S

 
(Equations 3.1-3.13 refer to [W.B, R.A.T, 97]: pp.32-37; Equations 3.14, 3.15 are based on [G.W.P, 
04]: pp.226-227. The related descriptions are based on the literatures as well. More details can be 
found in the literatures.) 
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5.3 Trial Observation of the Bounce Motion Signals 
 

5.3.1 Technical Background of the New High-inductive Detector  
 
Due to the fact that bounce motion takes place at the frequency range between 0.01 Hz and 40 
Hz, it is necessary to construct detectors especially suitable for this target. Three generations 
of the high-inductive detectors in the past years are developed. Each of them has advantages 
and disadvantages. Generation II has been already as detector example mentioned before. 
Generation III is the recent detector in use. Here, as a brief summary, three versions are 
represented together. In this chapter is mainly focus on describing the technical background of 
the third generation. 
 
Generation Description Figure 

High 
inductive 
Detector I 

It has four coils arrangement and contains 24.000 turns. 
The distance between two coils is 9.7 cm, and the 
length of the iron core is 50 cm. This version gives a 
first detection possibility. However, the configuration 
takes a lot of time and its accuracy requires 
improvement.   

High 
inductive 

Detector II 
“Measuring 

case” 

It has two coils arrangement. The coils are fixed in the 
measuring case. It contains 54,200 turns. Its weight is 
26.3 kg and the length of coil is 48 cm. The diameter of 
coil is approx.8.4 cm and the diameter of a square core 
is 42 mm. It has better direction sensitivity and 
possesses small capacity.    

High 
inductive 

Detector III 

It has one coil arrangement and contains 108,400 turns. 
Its weight is 30 kg and the length is 1 m. The diameter 
is 10 cm. It has a better accuracy by detecting the signal 
frequency range, but with comparison to detector II 
possesses a larger capacity. 

  

 

5.3.1.1 Construction of the High-inductive Detector 
 
Complex problems accompanying the construction of such a detector include: 
 

1) The resonance frequency of such a detector-antenna system must be located in the 
above mentioned range, which requires the extraordinary high inductivity of the 
antenna according to a converted Thomson formula ([RA.S, C.V]: pp.735, equation: 

[21.19]): 
LC

f
2

1
0  , where f0   is the resonance frequency, L is the inductivity, and 

the C  is the capacity. It is valid that the resonance frequency depends merely on L and 
C of the antenna system. 

 
2) A further requirement is the acquisition of the signal in its original form. That is only 

practicable to detect a low resonance frequency with a suitable capacitance. The 
problem is that the received signal form change is associated with the inner capacity of 
the antenna reception system. For a worse case of no adaptation, the signal form could 

 137



become unrecognizable. Therefore, the capacitance of the antenna system should be 
very small in order to enable the acquisition of the signal amplitudes corresponding to 
the resonant bounce motion signals. This can be merely reached by an inductive coil 
construction with a corresponding strong field line bundling (ferrite core). Typical 
data of the antenna resonance coils is listed in table 6. 

 
Test Frequency 1 KHz 

Resistance  R Inductivity L Capacity C 
3.539 K Ω 6.649 H 3.821 nF 

Test Frequency 120 Hz 
Resistance  R Inductivity L Capacity C 

> 10 MΩ 483.4 H 3.475 nF 
 

Table 6: Typical data of the antenna resonance coils 
 
As shown in the test frequency, a resonance frequency of 100 Hz needs an inductivity of 
about 500 H, so that the coil reaches the required inductivity in the frequency 
measurement range.  
 
3) Moreover, the next difficulty turns up to the foreground: 
 
 The measure for the homogeneity distribution of the ferrite components must be bigger than 

92.4% by an adequate resonance behavior at low frequencies. If the homogeneity of the ferrite 
core is not available (industrial mass-produced goods), then an antenna resonance system for 
such low frequency is not realisable.  In order to fulfil this requirement, the company DSL-
Electronik was delegated to construct a core which satisfies the homogeneity requirement. In 
order to achieve the needed inductivity, a coil with more than 108,400 turns was wrapped 
around the core. To provide the coil with manageable dimensions, a copper wire with a 
diameter of 0.1 mm was used. 

 
 The coil assembly with such low density enamelled copper wire was impossible to be realised 

by machine. In addition, the machine assembly could cause bigger resistances through stretch 
processes. Therefore, the assembly had to be manufactured with a hand-wrapping machine.  

 
 To protect the coil and the core against mechanical forces, the whole system was molded with 

a plastic shielding. Additionally a plastic coat with 1.5 mm thickness was glued around the 
coil with two side-covers.  The electrical connectors were mounted with a 1 mm copper wire 
with multiple relief loops. 

 
 Due to this kind of coil assembly, multiple copper layers lay above each other. It is essential 

that the capacity of the coil had to be firstly estimated. In the coil manufacturing technology, 
there exist tables with estimated values. Unfortunately, whether the coil has been successfully 
manufactured or not can only be verified by means of the capacity value after the coil 
fabrication.  

 
4) Furthermore, to evaluate the antenna effect in terms of its directivity, the following  

considerations should be mentioned: 
 
 Firstly, the detection coil has to be precisely aligned in the North-South direction of the 

geomagnetic field. This can be done with a rotatable plate which is coupled with an electronic 
compass system. By means of this configuration, a change in the position of the resonance 
antenna shows a change in the horizontal direction of the geomagnetic field. This makes the 
acquisition of small variations in the geomagnetic horizontal components feasible. 

 
 The signal amplitude of such antenna resonance measurements lies between 10 μV and 44 μV. 
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This requires the signal amplification. The essential requirement for selecting the appropriate 
amplifier for these signals is that the amplifier has to ensure the signal form possibly without 
any distortion through the amplification process. These amplifiers with 60 dB amplification 
provide an output voltage in the range of 10 mV, which enable spectrum analyzers to carry out 
the necessary FFT (Fast Fourier Transformation) signal transformation. 

 
 The applied spectrum analyzers have to also make sure that the time-domain signals remain 

maintained, since these signals are generally non-harmonic. Large measurement errors can 
result in the case of no adaptation between the amplifier output and the spectrum analyzer’s 
input.  

 
Under the previously mentioned preconditions, the aim-oriented resonance antennas (1 m 
long, 10 cm outer radius, 30 kg weight) were manufactured. Additionally, it is only possible 
to measure the bounce motion signals if the amplification conditions and the coupling of the 
detector system with the spectrum analyzers are fulfilled. This is valid for a measurement 
environment which is without geomagnetic disturbances within a radius of 500 km. This is 
unrealistic in Europe. Therefore, it was previously impossible to perform this kind of 
measurements. However, after a development of the new measuring method “difference 
spectra” by a team of Dr. D. Ewert and his cooperation partner (company LeCroy), the 
measurement could be carried out. 
 

5.3.2 Measuring Method “difference spectra” 
 

In the case of the trial observation of bounce motion signals, the measured signals are often 
disturbed by electric, magnetic and electromagnetic signals such as pulses, etc. in order to 
minimize those disturbances, Dr. D. Ewert, by means of his long year’s practical experiences, 
and cooperation with company LeCroy, selected the measuring instruments very 
conscientiously. At the same time, a new developed measuring method “difference spectra” 
enables to minimize the noise: simply speaking, two receiving systems (e.g. “measuring 
cases” or High-inductive Detector III combining special amplifiers) are applied to detect 
bounce motion signals. One system is set up in the local magnetic North-South direction; 
another one is in the local magnetic East-West direction. The observed signals in the magnetic 
N-S direction and E-W direction are separately displayed by the oscilloscope as time domain 
signals in channel 1 and channel 2 (i.e. SN-S=C (1) and SE-W=C (2)).  

With the aid of the FFT processing from the high-end digital oscilloscope, it enables to 
transform the time-domain signals to frequency-domain signals (i.e. FFT (SN-S), FFT (SE-W)) 
and calculates a difference between the signal spectra in the N-S direction, as well as the 
signal spectra in the E-W direction. The difference spectrum between the N-S and E-W 
directions is represented as FFT (SN-S)-FFT (SE-W); this result is the final experimental result 
of interest. The third receiving system is added to the two receiving system to build a three 
receiving systems; it is setup in the local magnetic vertical direction. 
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5.3.3 Calibration of the Measuring System 
 
For measurements in practice, the uncertainty of measured data exists always. Before a 
measurement is taken, a good experimental design is very important; the experimental design 
generally contains the selection of measuring devices, choosing measuring techniques, and so 
on; the choice of instruments, measurement technique, measurement setup, etc. are related to 
the accuracy of the measuring results. Calibrating measuring devices is a solution for 
eliminating the systematic errors, to get more accurate measuring results. As examples, in 
order to receive the signals optimally, before manufacturing the “measuring cases”, several 
experimental tests have to be performed to find out e.g. the optimal distance between the coils, 
the number of turns, etc.; both “measuring cases” must be aligned in the local magnetic 
directions as accurate as possible. A proper generator (resolution less than 1 mHz, enabling an 
at least 20 Hz sweep) should enable to generate a sweep signal from 0 Hz to 20 Hz with level 
2 µV. The amplifier ought to have those properties: input voltage must acquire the µV range; 
output voltage should be within the range of 10 mV; high linearity in amplification is 
necessary; all measuring cable should be shielded; and so on. Moreover, the measuring 
environment is very important as well: disturbances in the range of measuring frequencies 
should be as few as possible.  
 

5.3.4 Selected Devices 
 
The bounce motion signals could be detected with the help of the high inductive receiving 
systems formed by such elements like “Measuring Cases” or High-inductive Detector III, 
appropriate amplifiers; these signals can be analyzed and monitored by means of appropriate 
oscilloscope and/or spectrum analyzer, etc. The selected devices are listed in the following 
table. The different letters point to the various measuring devices. 
 
Letter Measuring devices Description 

a, b “Measuring cases” 
with high inductive 

coils 

Two “measuring cases” are set up in the magnetic N-S direction 
(red one) and E-W direction (blue one). High inductive coils with 
a large number of turns are fixed in the measuring cases. At the 
same time, a high permeable core is coupled with the coils. By 
means of this kind of configuration, these coils form a highly 
inductive resonance antenna for receiving the signals of interest.  

c HM 1507-3 s Analog 
Digital Scope 

This device as an examiner in this case is used to read out the 
measured result of the TR spectrum analyzers. 

d HP 35660A Dynamic 
Signal Analyzer 

Used to examine the spectral composition of signals; it is as a 
checker for monitoring frequency-domain signals of interest in 
the N-S direction. 

e Takeda Riken TR9405 
Digital Spectrum 

Analyzer 

Used to examine the spectral composition of signals as well; in 
this case, it is as a checker for monitoring frequency-domain 
signals of interest in the E-W direction. 
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f LeCroy WaveRunner 

64Xi Oscilloscope 

(600 MHz Bandwidth, 
4 Input Channels, 5 

GS/s) 

The oscilloscope is often used for visualizing signals in the time 
domain. In this case, the applied oscilloscope should have a high 
sampling rate, large storage, and four measuring channels 
(displaying the signals synchronically). Furthermore, it should 
contain related mathematical functions to calculate the difference 
spectra. Depending on its mathematical function (FFT) the 
signals of interest in the N-S and E-W direction can be displayed 
and transformed into frequency-domain signals. The FFT results 
are compared with the results of the examiners (such as spectrum 
analyzer); they should be matched. The reason for this comparing 
is to ensure that the calibration of the measuring system is 
completed.  

g Extreme Low 
Frequency Amplifier 

The amplifier can be used for enhancing the received signal 
amplitudes. In this case, two/three amplifiers are used and 
separately connected to the two/three measuring cases. 

 
Table 7: An example of devices for measuring bounce motion signals 

 

5.3.5 Measurement Setup 
 
The following figure shows a setup example using “measuring cases” for measuring the 
bounce motion signals:  
 

 
Figure 38: An example of the measurement setup 
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Two simple sketches for representing the setup of two kinds of receiving systems are given as 
follows:  
 Two or three special amplifiers are used. They are separately connected to the two or 

three highly inductive detectors. 
 
 Two highly inductive detectors are set up apart from others in the north-south, east-

west. They are separately connected to the channel 1, channel 2 of the LeCroy 64 Xi 
oscilloscope. The third detector is set up in the z direction and connected to the 
channel 3 of the oscilloscope. 

 
 At the same time, highly inductive detectors in the north-south, east-west direction are 

separately connected to the channel 1 and channel 2 of the Hp 35660 A. 
 

 
Figure 39: Two receiving system setup in N-S and E-W directions 

 

 
Figure 40: Three receiving system setup in N-S, E-W, and Z directions 

 
 

 142



5.3.6 Measuring Results and Discussion 
 
Taking examples for measured results of this trial measurement, the following two figures 
indicate the measuring results experiencing two situations: “quiet phase” and “disturbed 
phase”. The following figure 41 shows a quiet phase measurement taken at 19:37 UTC on 03 
December, 2010: The frequency range was taken from 0 Hz to 20 Hz. In this situation, there 
were no solar-triggered events and no geomagnetic activities in presence. This environment is 
called a "quiet phase”. Only some induced fundamental frequencies can be detected. 
Fundamental frequency in this case means these frequencies measured in a quiet phase. The 
frequency 16.67 Hz is a frequency of the German Federal Railway signal (it appears always).  
According to the measured frequencies, two frequency patterns can be represented. One is 

pattern A ( A ); the frequency can be determined by a formula: 
3

2
1 nA  [Hz], where n is 

an integer. Another is pattern B ( B ); the frequency can be determined by another formula: 

615.1 mB [Hz], where m is an integer. I.e. the frequencies in the following figure can be 
calculated using the two frequency patterns. Red marked numbers are n that respectively 
equals 6, 10 and 12. Pink marked numbers are m that respectively equals 7, 9. These results 
show that these measured frequencies may come from man-made sources.  

 
Figure 41: Fundamental frequencies in the case of "quiet phase” 

 

In the case of “disturbed phase”, the measurements are taken under existing disturbances of 
the geomagnetic field caused by solar-triggered events. Because of the location change of the 
magnetopause (the shape change of the geomagnetic field lines also occurring), the resonance 
oscillation is thereby also generated in the Van Allen belts. As the result, the trapped 
particles’ motion could follow other trajectories (frequency shifting). At the same time, the 
shape change causes the trajectory change (becoming shorter). Due to this kind of trajectories 
change, the frequencies of the bounce motions do change as well. As the result of this, higher 
frequencies could be detected. More frequencies could occur with higher amplitudes and 
some spectra lines with broader width appear. In other words, the spectrum is formed by 
several frequencies. The following figure 42 shows an example of the experimental result in 
the case of a disturbed phase. 
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Figure 42: Frequencies in the case of “disturbed phase” 

 
The measurement was taken at 08:11 UTC on 04 December, 2010. The frequency range was 
taken from 0 Hz to 20 Hz. More frequencies were detected. The values of these frequencies 
were taken by peak measurement. Some frequencies shifting are shown in this figure: such as 
the frequency 8.06 Hz shifted to 8.32 Hz, the frequency 11.29 Hz shifted to 11.68 Hz; the 
frequency 14.52 Hz shifted to 15.00 Hz and the frequency 17.75 Hz shifted to 18.31 Hz. The 
denoted band spectra in this figure are 9.80 Hz to 10.40 Hz, 13.12 Hz to 13.52 Hz. The 
frequencies 3.31 Hz, 5 Hz and 8.06 Hz are also indicated as fundamental frequencies.  
The higher-order harmonics of 3.31 Hz are 6.68 Hz, frequency within 13.12 Hz and 13.52 Hz. 
The higher-order harmonics of 5 Hz are frequencies within 9.80 Hz and 10.40 Hz, 15 Hz and 
20 Hz. The higher-order harmonic of 8.06 Hz is the frequency around 16 Hz. In this case 
16.68 Hz is a peak measurement; therefore 16 Hz is not indicated in this figure.  
 
The appearance of more frequencies (frequencies with broader width as well) and frequencies 
shifting are expected as the consequences of the geomagnetic field variation. However, by 
using the two frequency patterns, almost all measured frequencies can be determined by 
calculations. Red marked numbers are n that respectively equals 2, 3, 4……, and 12. Pink 
marked numbers are m that respectively equals 5, 7, 9, and 11. This kind of identification 
gives a conclusion that these measured frequencies may have the artificial origins. 
 

In order to confirm whether the measured signals are really from artificial origins, a further 
example is taken. This measuring result as showed in the following figure was taken in  

22. Nov. 2013 in the case of a quiet phase. 

 144



 
Figure 43: A further measuring example 

 

The observed signals can be recognized as follows: 

(1) As seen, the circular label A and B designate two most obvious signals from German 
Federal train at frequency 16.70 Hz and its overtone at frequency 33.35 Hz. The both 
spectra have a broader width.  

(2) The measured frequencies as well as the calculated frequencies (using the 
pattern 6.1 kK ) are shown in the following table 8. As the results indicated, the 
calculated frequencies are very similar as the measured frequencies. In other words, 
the measured frequencies can be expressed as a frequency comb that is determined by 
a fundamental frequency 1.6 multiplying an integer number k (in this case, k=1, 
2….24). The intensity of these frequencies is approximately same.  

(3) The most spectrum line has an upper side band with a value of 0.5 Hz. 

(4) The spectrum line in the case of k greater than 17 also has a lower band with the same 
value in presence.  

(5) The intensity of noises represents the function of the devices (detectors and 
amplifiers). 
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Measured and calculated frequencies [Hz] 

Calculated frequencies using pattern k*1.6 Label 
Nr. 

Measured frequencies 

[Hz] Integer k Calculated frequencies 

1 1.60 1 1.60 

2 3.20 2 3.20 

3 4.80 3 4.80 

4 6.24 4 6.40 

5 8.10 5 8.00 

6 9.70 6 9.60 

7 11.30 7 11.20 

8 12.90 8 12.80 

9 14.50 9 14.40 

10 16.10 10 16.00 

A 16.70   

11 17.75 11 17.60 

12 19.30 12 19.20 

13 20.95 13 20.80 

14 22.50 14 22.40 

15 24.15 15 24.00 

16 25.70 16 25.60 

17 27.35 17 27.20 

18 28.95 18 28.80 

19 30.50 19 30.40 

20 32.25 20 32.00 

B 33.35   

21 33.80 21 33.60 

22 35.45 22 35.20 

23 37.05 23 36.80 

24 38.65 24 38.40 

 
Table 8: Measured and calculated frequencies 
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Interpretation 

 

The noise-underground (5) is given by the applied measuring devices. Well recognized is that 
the sensitivity of the measuring system increases from 0 to around 10 Hz and then 
approximately keep constantly up to 40 Hz. 

In order to check the measured frequency-domain signals in a clear way (without the 
appearance of the noise-underground), the observed signals can be plotted as a simplified 
frequency comb by means of the pattern 6.1 kK  (k=1, 2….25). Figure 44 illustrates a 
simplified frequency comb (2). 

 
Figure 44: Simplified frequency comb 

 

At the same time, the measured frequency-domain signals can be converted to the time-
domain signals with the help of the Inverse Fourier Transform. In this case, the time-domain 
signals are assumed only containing the cosines-term. An autocorrelation function can be 
yielded by means of the power spectrum (equaling to the square of the amplitude spectrum). 
This autocorrelation function includes the essential properties of the time-domain signals. 
This kind of time-domain signals can be calculated by the following formula: 

6.1)2cos()(
25

1




fwherenftts
n

  

The reconstructed time-domain signal is shown in the following figure 45.  

 
Figure 45: Reconstructed time-domain signal 
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Well recognized is a sequence of very sharp pulses repeated at a rate of 1.6 Hz. Since such 
sequences of needle pulses lead an extreme harmonic spectrum, it is highly impossible caused 
by the nature. Possible causes may come from the switching or control signals of the electrical 
devices (such as measuring devices, remote control, heating) that intersperse in these devices. 
Due to the fact that the fundamental frequency has the value of 1.6 Hz, corresponding to 96 
pulses per minute, it can be possibly caused by an electro-medical equipment (such as a 
peacemaker). However, in the current measurement, it is sure that no operators carry the 
peacemaker, this presumption can be excluded. 

As seen, most frequencies in the spectrum have the upper side band. For all overtones, the 
upper side band holds a displacement with a value of 0.5 Hz from the carrier frequency. The 
intensity is obviously smaller than the intensity of every carrier. A simplified graphical 
representation of the spectrum in the presence of the side bands is given in the following 
figure 46. The intensities of these side bands are taken 30% of the intensity of the carrier. In 
this case, it doesn’t handle the overtone of the shifting of the fundamental frequency. With the 
increased frequencies, it would also be far away from the overtone of the carrier. Furthermore, 
there were also no equidistant side bands as the side bands observed in the spectrum. 

 
Figure 46: Simplified frequency comb with upper side band 

 

The reconstructed time-domain signal also using cosines-term can be expressed as the 
following formula and its graphical representation is shown in the figure 47.  

  5.06.1)(2cos3.0)2cos()(
25

1

25

1
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Figure 47: Reconstructed time-domain signal with upper side band 
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It is obvious that the repetitive frequency of the impulses have been preserved. Their intensity 
is amplitude modulated. The reason for this kind of modulation can be explained by the slight 
conditions differing during the spectrum acquisition. Other reason is surely also thinkable. For 
the fundamental frequency and each overtone, an upper side band with a value of 0.5 Hz and 
30% of the intensity of the carrier is represented. 
 
The first term describes the carrier and its overtone. The second term takes the side band of 
every overtone with 30% of the carrier intensity into account. For some overtone (2) in the 
case of k greater than 17 (3), the lower side band is also present. The simplified spectrum for 
this case is given in the following figure 48. 

 
Figure 48: Simplified frequency comb with upper and lower side bands 

 

For the fundamental frequency and each overtone, an upper side band with a value of 0.5 Hz 
and 30% of the intensity of the carrier is represented. In addition, for the case of k greater than 
17, the lower side bands with the same intensity are also plotted. 

The reconstructed time-domain signal can be expressed as the following formula and its 
graphical representation is shown in the figure 49.  

  

5.06.1

)(2cos3.0)(2cos3.0)2cos()(
25

18

25

1

25

1
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Figure 49: Reconstructed time-domain signal with upper and lower side bands 
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It is also obvious that the sharp equidistant impulses with a reparative frequency 1.6 Hz are 
present. Meanwhile, the amplitude is modulated again with a lower frequency. The envelope 
curves do not show great difference in comparison to the signals so that only the upper side 
bands are respected. 
 
Conclusion 

 

The observed frequency comb (2) and the corresponding reconstructed time-domain signals 
represent a regular series of very sharp pulses with a repetitive frequency of 1.6 Hz. Based on 
this fact, it is difficult to image that the measured signals are from a natural cause.  Possible 
causes may come from the switching or control signals of the electrical devices (such as 
measuring devices, remote control, heating) that intersperse in these devices. Due to the fact 
that the fundamental frequency has a value of 1.6 Hz, corresponding to 96 pulses per minute, 
it can be caused by an electro-medical equipment (such as a peacemaker). However, in the 
current measurement, it is sure that no operators carry the peacemaker, this presumption can 

be excluded. Moreover, for the pattern A ( HznA 3

2
1   ) and pattern B ( ) 

if N=30, the frequency is equal 50 Hz. If M=31, the frequency is also approximately equal 50 
Hz. Therefore, the electrical power line can also be thought of as a possible contributor for the 
measured frequencies.  

 HzmB 615.1

 

The equidistant sidebands in the spectrum can be caused by the varying of the amplitude of 
the pulses in the time domain. A shifting of the fundamental frequency would generate 
overtones that can generate sidebands with span at each overtone. These sidebands are 
proportional to the harmonic frequencies. However, these kinds of frequencies were not found 
in the spectrum. 

 

Thus, in the present case, the trial measurement of bounce motion cannot supply the 
information of interest. However, many measured frequencies in the presence of a strong solar 
event can prove that the applied high inductive detectors are highly sensitive.   
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Part VI 
 

Conclusion and Outlook 
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6 Conclusion and Outlook 
 

6.1.1 Conclusions 
 
A reviewing understanding for conducted measurements and their related measuring results 
involving in this work is already given in the chapter 4.3.6. Therefore, in this chapter, a brief 
summary of the mainly conducted measurement, mainly applied devices and determined 
parameters in relation to our project are given. At the end, the capabilities of the 
Ionospektroskop are summarized. 
 

6.1.1.1 Conclusion of the Conducted Measurements 
 
The following table gives a brief summary of the mainly performed experiments based on 
Ionospektroskop in our project. At the same time, a comparison and/or correlation to the 
ionosphere is also given. The mentioned measurements (Optical Spectroscopy, Pair of 
Helmholtz coils as inductor) are given by my colleague Mr. M.Sc. M. Matalqah in his work. 
 

Experiments Ionospektroskop Ionosphere 

Plasma Generation Enables to generate reproducible ionosphere-like plasma It is partially ionized 
plasma. 

Optical 
Spectroscopy 

Investigates the emission of the laboratory plasma Its ingredients are 
neutral atmosphere and 
ionic species. 

Floating Potential 
Measurement 

By means of the configuration of the Ionospektroskop, the 
created ionosphere-like plasma is free floating. In order to 
measure this kind of plasma, the needle electrode pair (not 
earth-fixed in voltage) is used. Based on the measuring 
technique floating measurement, it enables to measure 
floating potential at each needle electrode pair 

No earth connection and 
no reference point are 
typical ionospheric 
phenomena. 

Pair of Helmholtz 
Coils as Inductor 

and Rogowski 
based Coil 

Measurements 

Enables to study the electrical characteristics of the 
generated plasma (induced current/voltage, total plasma 
current, instantaneous current rate) 

These two basic 
electrical diagnostics 
provide the preparation 
for the further 
ionospheric simulations. 

Trial measurement: 
Bounce Motion 
Measurement 

A kind of frequency measurement tries to detect the 
geomagnetic variation in the near-earth space. If the bounce 
motion measurement were successful, it may enable to 
provide a possibility to find out a correlation between a 
practical measurement (indicator for the interaction 
between the solar-trigged events and the Earth, so that 
cause an influence on the ionosphere) and the laboratory 
simulation in the future. However, in the present case, the 
results only present the well sensitivity of the applied 
detectors. 

It is thinkable using the 
similar concept in the 
future for detecting the 
magnetic field variation 
taking place in the 
ionosphere. 
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6.1.1.2 Conclusion of the Mainly Applied Devices 
 
In order to test the feasibility and capabilities of the Ionospektroskop, there were a lot of 
measuring devices in use. The following check list only gives a brief overview of the mainly 
applied devices in our project. 
 

List of the experimental instrumentations 
 

Experiment Nr.0 Pretest, environmental test 
Experiment Nr.1 Plasma Generation 
Experiment Nr.2 Pair of Helmholtz coils as inductor 
Experiment Nr.3 Optical spectroscopy 
Experiment Nr.4 Floating potential measurement 
Experiment Nr.5 Trial measurement: Bounce motion measurement 
Experiment Nr.6 Rogowski based coil current sensing measurement 

Experiment Nr.7 Checking Experimental Environment 

Experiment Numbers Instruments 
0 1 2 3 4 5 6 7 

ASEQ broad range spectrometer    X     
A81 A230X two-electrode surge arrester X        
Brandenburg analog voltmeter     X    
Counter Siemens B2032 X        
ELWE tesla transformer X        
Extreme Low Frequency Amplifier      X  X 
Geiger counter SV 500 radiation measuring device 
Bundeswehr 

X        

Greisinger Digital-Manometer GDH 14 AN X        
Galaxair vacuum pump  X       
Heinzinger HNCs 35000-5 High-voltage power supply  X       
H&B ELIMA ID 200 Clamp-On Ammeter       X  
Hp 3582 A Spectrum Analyzer      X   
The passive high-voltage probe     X    
HM 1507-3 s analog digital scope     X    
HM 8131-2 programmable 15 MHz function generator X        
HAMEG passive probe 1x and 10x     X    
Helmholtz coils   X      
ILMVAC rotary vane pump  X       
Keithley 178 digital multimeter X        
LeCroy peakTech 2165 LCR METER  X        
LeCroy WaveRunner 6200 A 2 GHz Oscilloscope      X  X 
LeCroy WaveRunner 104Xi-A 1 GHz Oscilloscope   X  X    
LeCroy SDA 820Zi-A 20 GHz Serial Data Analyzer     X    
LEYBOLD High voltage Power Supply X X       
LEYBOLD Ring-shaped discharge tube X        
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“Measuring cases” with high inductive coils      X  X 
New high inductive detectors      X  X 
OWON PDS 5022T Dual Channel Color Digital Storage 
Scope 

X      X  

PHYWE Analog Luxmeter X        
RFT variable transformer ST 240/4 X        
Rhode & Schwarz Vector Network Analyser X        
Rogowski based coil       X  
TESTEC TT-SI 9110 differential probe 100 MHz X        
Tektronix TDS 360 oscilloscope       X  
Tektronix P6065A passive voltage Probe     X    
Van de Graaf generator X        
Voltcraft 7202 Sweep/Function Generator X        
Voltcraft M-4660 M digital-multimeter X        
Voltcraft oscilloscope 2040 X        
Voltcraft VC 840 true RMS digital Multimeter X        
 0 1 2 3 4 5 6 7 

Instruments Experiment Numbers 
 
 

6.1.1.3 Conclusion of the Experimental Results  
 
The following table gives a brief conclusion of the determined parameters by using 
Ionospektroskop in our project. At the same time a comparison for the ionosphere is present 
as well. 
 
Parameters Ionospektroskop Ionosphere 

Air pressure The measured end pressure of the 
vacuum system used for the 
acrylic glass discharge tube is 
0.05 mbar. 

D layer of the ionosphere has a pressure with 
approx. 0.02 mbar. 

Source of  
ionization 

Direct current combing 
interruption contact and glow 
discharge makes the ionization 
possible. 

Dominated primary source of the ionosphere is 
solar radiation and another important source is 
precipitating energetic particles. 

Electron 
density 

The estimated value is approx. 
3.9 x109 m-3. 

D layer holds the electron density with the value 
of approx. 107 to 1010 m-3. 

The plasma 
frequency 

The estimated value of the 
plasma frequency is approx. 3.5 
MHz and the critical frequency is 
approx. 0.56 MHz. 

Depending on the electron density and the angle 
of incidence on the ionosphere, the critical 
frequency shows difference. A typical value of 
the maximum usable frequency (in the case of 
the maximum angle of incidence and the 
maximum electron density) is less than 40 MHz 
([D.J]: pp.18). 

Stability The created plasma reaches a 
defined state. 

Ionosphere is greatly variable and random on its 
effect. 
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Patches of 
ionization 

It is reproducible. It is irregular in the ionosphere. 

Currents Total plasma current is 
measured. 

Main current taking place in the ionosphere are 
Hall, Pedersen, field-aligned currents. 

Achievements of the Ionospektroskop: First setup of measurements and initial functional tests of the 
Ionospektroskop are successful. 

 

 

6.1.1.4 Conclusion of the Capabilities of the Ionospektroskop 
 
The capabilities of the Ionospektroskop can be summarized as follows: 

1) Generating plasma under a defined state: the plasma generation is successfully 
conducted. Thus, the plasma generation as the fundamental capability of the 
Ionospektroskop is proven. 

 
2) Electrical characteristics of the generated plasma: due to the conducted measurements 

(Pair of Helmholtz coils as Inductor, Rogowski based Coil Measurement, and floating 
potential measurement), electrical characteristics such as total plasma current, local 
voltage at the pencil electrodes of the generated plasma can be measured. 

 
The first setup has been achieved and the experimental foundation has been tested. Thus, 
further capabilities (based on the knowledge gaining from the foundation) can be supposed as 
follows: 

3) Investigating magnetic field influences on the created plasma 
4) Studying the plasma interaction with further fields (such as exert external electric field, 

electromagnetic field) 
5) Taking comprehensive plasma diagnostics by means of suitable devices and 

techniques/methods 
6) Finding out the concrete correlation between the Ionospektroskop and the ionosphere 

(after achieving the comprehensive ionospheric simulation and related precise 
diagnostics of the created plasma) 

However, to investigate the capabilities from 3) to 6) and to get the exact capabilities 
evaluation, detailed considerations have to be taken into account and related experiments have 
to be taken. 
 

6.1.2 Outlook 
 
In this work, the project “Ionospektroskop” is considered as an open-end project. The 
conducted experiments offer an experimental foundation and an overview of the 
functionalities of the Ionospektroskop. Without any doubt, in the future, further 
Ionospektroskop-based research, investigations or simulations can be taken. 
 
Some suggestions are given as follows: 

 In this work, the pump reaches a maximum 0.05 mbar end pressure; the vacuum 
system with the purpose of generating the ionosphere-similar plasma has already 
proved its success. However, in the future, if the plasma generation requires higher 
degree precision, the vacuum system needs corresponding improvement. In other 

 155



words, a better pump should be used.  At the same time, a control for the pressure (or a 
regulation of the pressure) and the corresponding pressure measurements should be 
taken so that a comprehensive and precise overview about the creating process of the 
plasma can be obtained.  
 

 The working gas in this case is the room air. It is actually suitable for our purpose. But 
it is also possible according to the needs of the researcher, to fill other kinds of gases 
into the acrylic glass discharge tube. To achieve this, a modified Ionospektroskop may 
be required. 
 

 The applied plasma generation method: An approximate overview about the 
relationship among the used high voltage, current and the adjusted spacing is known 
by means of several pretests. However, in the further, precise measurements can be 
taken to find out the exact relationships among the adjusted spacing, the used high 
voltage, the current and the influence on the state of the created plasma. Additionally, 
the air humidity is also an influence factor for the asymmetric electrodes configuration: 
it affects the generation of the spark electrical discharge. As a consequence the values 
of the applied high voltage, current and the adjusted spacing will be changed. The 
state of the created plasma is also changed. Thus, an exact investigation of the air 
humidity influence is also considerable in the future. 
 

 Moreover, although the defined state of the created plasma can be approximately 
checked by the developed new method. Due to the complexity and variability of the 
plasma, further investigations and measurements should be considered: such as exact 
investigation the structure, the color and the brightness of the generated plasma and 
the causes for their variation; the reasons for causing instabilities of the plasma (the 
instabilities could also cause the variations of the structure, color and brightness). 
 

 Sometimes, magnetic field has a big effect on the plasmas. It plays a very important 
role for the ionosphere. In this work, three pairs of Helmholtz coils are used for 
sensing the induced plasma current. In fact, Helmholtz coils are primarily used for 
generating a homogeneous magnetic field. For the future work, with the help of these 
pairs of Helmholtz coils, the influence on the plasma cause by the magnetic field could 
be investigated as well as the investigation of the magnetic field created by plasma 
itself. 
 

 The key importance of the ionosphere for the modern society is its direct effect on the 
communication applications. How the ionosphere affects the propagation of the 
electromagnetic waves, it could be investigated based on the Ionospektroskop as well. 
The waves with different frequency bands (mainly VLF, LF, MF and HF) could be 
launched passing through the created plasma, the interaction between the plasma and 
the launched waves could be investigated: the plasma effect on the waves and the 
wave effect on the plasma. 
 

 The focus of this work is to get an overview of the feasibility of Ionospektroskop. 
Thus, for the present investigations, only two most important properties of the plasma 
(conductivity and the light emission) are paid more attention. In this work, the 
conductivity is regarded more in the macroscopic view (e.g. current). However, for the 
future works, further detailed investigations (such as the electron density, electron 
temperature, etc.) for the created plasma are also very necessary. At the same time, a 
comprehensive and exact investigation for the electrical characteristics of the created 
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plasma (such as plasma current, the current versus voltage relationship of the plasma, 
electrical resistance of the plasma) is essential as well. 
 

 Furthermore, already performed experiments could be considered as open ended 
experiments. Each experiment can be improved, refined. As well as the interaction 
between some experiments could be investigated.  
 

 If a comprehensive and precise investigation for the Ionospektroskop as well as the 
key characteristics of the ionospheric simulation could be achieved in the future, the 
concrete correlation between the Ionospektroskop and the ionosphere could be found 
out. 

 
 As summarized before, the current project itself is indicated as an open-end project, 

because of understanding and investigating the extract capabilities of the 
Ionospektroskop, a lot of precise, detailed experiments are required to be taken and 
very many considerations have to be taken into account as well as requirements of the 
better laboratory conditions. Under the current laboratory conditions, the ionospheric 
simulation achieved in the current case can only create an ionosphere-similar 
surrounding. The performed experiments can give us an overview of the 
Ionospektroskop capabilities and provide a good foundation for the further research. It 
has to be strongly given attention to: the measured results of these basic experiments 
do not represent exact scaled simulations of the ionospheric plasma parameters to the 
laboratory plasma parameters. Comparable parameters for the real ionosphere (only 
ionospheric D layer is considerable) are air pressure, electron density. The temperature 
and the air composition of the created ionosphere-similar plasma could be determined 
by means of the further research driven by my colleague M.Sc. M. Matalqah. If the 
temperature of the created ionosphere-similar plasma were determined, the debye 
length can be determined as well. The ionization source is aware that is different than 
the ionospheric ionization sources. However, in the future, it could be thinkable to use 
the similar ionization sources such as Ultra violet radiation, x-rays to create precisely 
comparable plasma. It could be also possible to use these kinds of sources to create the 
ionospheric irregularities such as ionospheric scintillation in order to better understand 
their origins.  

 
 The Ionospektroskop in the current case is a prototype. In the future, due to the 

objective of the researcher, more new experiments and investigations will be present 
and a modified Ionospektroskop is required. 
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Appendix I 
 

Programs to Display and Compare the Measuring Results  
 

 
1. Program description 
 
In this work, often used devices are LeCroy oscilloscopes. They enable outputs (waveforms 
store) such as EXCEL, ASCII, etc. file, even waveform on display screen can be printed as a 
hard copy (save as an image). For the data storage, most measured data are directly thought of 
as a bivariate plot; i.e. the values of the measured data are plotted of variables against one 
another. This kind of plot can be output as hard copy or other formats such as Microsoft Excel 
file (*.xls) containing data set: two columns (normally time and amplitude) and many rows.  
If the outputs from LeCroy are saved as *.xls file, these numeric data need additional 
appropriate software tools to realize the visualization.  
 
Therefore, I have programmed a small matlab program with a graphic user interface (GUI) 
containing two kinds of operations: normal and advanced.  
 

Operations Description 

Normal operation contains load and display one file or 
one image (because our data include photos, images), 
and save the current plot as an image by entering file 
name and extension.  
Advanced operation contains load and display many 
files or images (there are many .xls files or images in an 
order, they can also be loaded, plotted one after another, 
and shown like a movie), and a small function “select 
data from a specific range” enables user to give a time 
or frequency range, then plot values within this range. 
Surely, when the user stop button click, the continuously 
displaying will be stopped, and the user can save the 
current plot.  
Because outputs from LeCroy Oscilloscope include text 
head lines. To adapt this, in this program, the number of 
text head line has to be given firstly.  
At the end, if the user wants to quit this GUI, please 
always click the button “Quit window”. 
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Two examples for displaying a measured result are shown in the following figures: 
 
 The figure below shows an example of open and display a file: 

      

 
 
 
 The following figure illustrates the same example as above, but a frequency range from 0 to 

20 Hz is given by the user: 
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In addition, in order to have an easier comparison between two images, another small 
program is also offered. It can load two images or set of images. An example for displaying a 
measured result is shown in the following figure: 
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 Appendix II 
 
Pretest for the Clamp-On Ammeter 
 
In fact, the applied clamp-on ammeter in this case is valid for the alternating current 
measurement. In this pretest, with the help of HAMEG function generator which separately 
connected to two kinds of connector sockets of the clamp-on ammeter, the outputs of two 
kinds of connector sockets are under test. These two kinds of connector sockets are located in 
the left and right side of the clamp-on ammeter. They can be used for connecting other device 
(such as an oscilloscope).  
 

Six measuring ranges of the clamp-on ammeter for the voltage and current:  
They are switchable between 600-300 V and 30-150-300-600 A. 

 

 
 

V connector socket in the left side of the clamp-on ammeter: 
It locates in the left side of the clamp-on ammeter, it directly outputs the electric signal measured by 

the clamp-on ammeter. 
 

 
 

L K connector socket in the right side of the Clamp-On ammeter: 
It locates in the right side of the Clamp-On Ammeter; it outputs the measured electric signal to 

multiply by 10000. 
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The measuring arrangement is distinguished into two situations: 
     
1) The setting of the HAMEG generator is to fix the frequency at 3.8 kHz and the voltage amplitude 

at 5 V 
2) The setting of the HAMEG generator is to sweep the frequency from 1 kHz to 10 kHz and to set 

the voltage amplitude at 5 V.  
 
At the same time, according to the selected connector sockets, the setup of the pretest is also 
distinguished into two situations shown as follows. With the help of a BNC to banana plugs, a 
shielded cable in a closed form is connected to the HAMEG generator. The clamp-on 
ammeter grips on the cable, its V or L K connector sockets are in use and connected to 
channel 1 of LeCroy 44 xi oscilloscope (displaying the results measured by the ammeter). The 
channel 2 of oscilloscope is directly connected to the HAMEG generator for displaying the 
direct output signal of the generator. 
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Moreover, the measuring range of the clamp-on ammeter for the voltage and the current is 
switched from voltage to current. 
 

The measuring result example for the generator setting I 
 

Setting of the HAMEG generator is to fix the frequency at 3.8 kHz and the voltage amplitude at 5 V. 
The yellow waveforms show the results measured by the clamp-on ammeter, and the red waveforms 
show the direct output signals of the generator.  
 

V connector sockets 
Voltage setting at 600, 300 V 

Voltage [mV] 
Channel 1 Channel 2 

230 23 

 

 
 

The results are same for the measuring 
range of the voltage at 600 and 300. The 
ratio of the voltage amplitude of channel 
1 to channel 2 is 10. 

Switched to current setting at 30, 50, 300, 600 A 

Voltage [mV] 
Channel 1 Channel 2 

195 25.5 

 

 

 

The results are same for the measuring 
range of the current at 30, 50, 300 and 
600 A. The ratio of the voltage amplitude 
of channel 1 to channel 2 is around 8. 

L K connector sockets 
Voltage setting at 600, 300 V 

Voltage [mV] 
Channel 1 Channel 2 

1890 21 

 

 

 

The results are same for the measuring 
range of the voltage at 600 and 300. The 
ratio of the voltage amplitude of channel 
1 to channel 2 is 90. With comparison to 
the V connector socket, the voltage 
amplitude at channel 1 gives approx. 8 
times greater.  
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Switched to current setting at 30, 50, 300, 600 A 

Voltage [mV] 
Channel 1 Channel 2 

1070 22.5 

 

 

The results are same for the measuring 
range of the current at 30, 50, 300 and 
600 A. The ratio of the voltage amplitude 
of channel 1 to channel 2 is approx. 48. 
With comparison to the V connector 
socket, the voltage amplitude at channel 
1 gives approx. 5 times greater. 

 
The measuring result example for the generator setting II 

 
Setting of the HAMEG generator is to sweep the frequency from 1 to 10 kHz and to set the voltage 
amplitude at 5 V, with comparison to the fixed frequency, the amplitudes fluctuate during the sweep 
period, therefore for each case, each channel, a maximal voltage and a minimal voltage are taken. The 
yellow waveforms (the upper one shows the maximal voltage, lower one shows the minimal voltage, 
same arrangement for red waveforms) show the results measured by the clamp-on ammeter. Red 
waveforms show the output signals of the generator. 
 

V connector sockets 
Voltage setting at 600, 300 V 

Channel 1 -Voltage [mV]  
Max. Min. 
300 225 
Channel 2 -Voltage [mV]  
Max. Min. 

43 37.6 

 

 
 

 

 

The results are same for the measuring 
range of the voltage at 600 and 300. The 
ratio of the maximal voltage of channel 1 
to channel 2 is about 6 and the ratio of 
the minimal voltage is also approx. 6. 

Switched to current setting at 30, 50, 300, 600 A 

Channel 1 -Voltage [mV]   
Max. Min. 
265 220 

Channel 2 -Voltage [mV]  
Max. Min. 
44.4 43.4 

 

 
 

 

 

The results are same for the measuring 
range of the current at 30, 50, 300 and 
600 A. The ratio of the maximal voltage 
of channel 1 to channel 2 is about 6 and 
the ratio of the minimal voltage is also 
approx. 5. 

 176



 
L K connector sockets 

Voltage setting at 600, 300 V 
Channel 1 -Voltage [mV]   
Max. Min. 

2500 690 
Channel 2 -Voltage [mV]   
Max. Min. 
42.6 38.8 

 

 
 

 

 
 

The results are same for the measuring 
range of the voltage at 600 and 300. The 
ratio of the maximal voltage of channel 1 
to channel 2 is about 59 and the ratio of 
the minimal voltage is also approx. 18.  

With comparison to the V connector socket, the maximal voltage amplitude at channel 1 gives approx. 8 
times greater and the minimal voltage amplitude is about 3 times greater. 
 

Switched to current setting at 30, 50, 300, 600 A 

Channel 1 -Voltage [mV]   
Max. Min. 

1755 490 
Channel 2 -Voltage [mV]   
Max. Min. 
40.2 38.4 

 

 

 
 

 

 
 

The results are same for the measuring 
range of the current at 30, 50, 300 and 
600 A. The ratio of the maximal voltage 
of channel 1 to channel 2 is about 44 and 
the ratio of the minimal voltage is also 
approx. 13.  

With comparison to the V connector socket, the voltage amplitude at channel 1 gives approx. 7 times 
greater and the minimal voltage amplitude is about 2 times greater. 
 
As a conclusion, due to the usage of the high voltage in this work, for a floating measurement, 
when the clamp-on ammeter is used, the L K connector socket ought to be selected due to its 
much better outputs. 
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Appendix III 
 
Pretest for the Applied Probes 
 
Due to the many times probes application, in this case a pretest of the applied probe is given. 
All probes in use can apply this kind of method for their calibration. 
 
 The probe under test is calibrated with the help of an appropriate generator, such as VC 7202 

function generator and an oscilloscope such as Tektronix TDS 360 oscilloscope. 
 
 The VC 7202 function generator works under these settings: 50 Ω output, 1 kHz and a square 

waveform are chosen. 
  
 The TDS 360 oscilloscope is applied for monitoring the generated square waveform with the 

presence of a probe. 
 
 The connection among the oscilloscope, probe and the VC 7202 function generator uses the 

BNC adapters. 
 
 It is possible that the probe under test is not working properly; this means the generated 

waveform passing through the probe shown by the oscilloscope can be lightly skewed.  
 
 In order to adjust the lightly skewed waveform, the built-in calibration hole on the probe can 

be used. 
 
 With the help of a suitable turn-screw inserting the calibration hole, the turn-screw is turned 

slightly; the waveform monitored by the oscilloscope is checked at the same time.  
 
 After turning the turn-screw with an appropriate angle, if the waveform is calibrated (fitting 

the generated waveform), then the probe is calibrated. The following figure gives an example 
of setup for pretesting probes: 
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The test results for the Tektronix attenuator probe with switchable attenuation factors x1/x10 
and a LeCroy attenuator probe M15 with attenuation factor x100 are shown as follows:  
 

Examples of test results 

 
Tektronix attenuator probe with attenuation 

factor x1 

 
Tektronix attenuator probe with attenuation 

factor x10 
 

 
LeCroy attenuator probe M15  with attenuation factor x100 

 

 
 

The displayed waveform is a square waveform which matches the generated waveform and 
the peak to peak amplitude of the Tektronix attenuator probe with switchable attenuation 
factors x1/x10 and LeCroy attenuator probe M15 with attenuation factor x100 are 23.5 V, 
2.32 V and 0.232 V which fits the attenuation factor. As a conclusion, the probes under test 
are working properly. 
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