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OPTICAL EMISSION SPECTROSCOPIC INVESTIGATION OF 

THE MILLIMETER/THZ WAVE AND MAGNETIC FIELD 

COMBINED EFFECT ON THE COLD PLASMA ABNORMAL 

REGION 

ABSTRACT 

Based on the growth of terahertz detection techniques, this study goal to investigate 

experimentally the impact of the terahertz radiation and magnetic fields on the glow 

discharge detectors GDDs (cold plasma) using plasma spectroscopy techniques 

(optical emission spectroscopy methods), which gave for more details via different 

techniques. that can be supported the neon indicator lamps GDDs as inexpensive 

detectors for terahertz radiation. Where interaction the glow discharge detectors 

GDDs with the magnetic field and THz radiation were studied by optical emission 

spectroscopy. 

The experiment setup contains a plasma source which is the glow discharge detector 

GDD. Also, the electromagnetic field was generated by two EM coils. And the THz 

radiation was generated by the THz system which designed via Schottky Terahertz 

Diodes. While the results were collected by AvaSpec-ULS3648 Star-Line High-

resolution Fiber-optic Spectrometer. The analysis methods that have been utilised are 

the ratio method and subtraction method. 

At the end of the examination, the results were very encouraging, represented by the 

effect of terahertz radiation and magnetic field on GDD was clearly. Where the THz 

radiation works to suppress the light intensity of the GDD, reverse magnetic field 

effect. While the magnetic field works to support the light intensity of the GDD. 

Therefore, this study supports the other researchers which utilised the inexpensive 

tool GDDs to detect the THz radiation. And, the optical emission spectroscopy is very 

useful to examine the GDDs than using the light intensity measurements of the GDDs. 

Keywords: THz radiation, glow discharge detectors GDD, electromagnetic field, 

optical emission spectroscopy OES, plasma spectroscopy. 
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ANORMAL ALAN SOĞUK PLAZMA ÜZERİNDE THZ 

DALGASI VE MANYETİK ALAN BİRLEŞİMİNİN ETKİSİ/ 

MİLİMETRİK OPTİK EMİSYON SPEKTROSKOPİK 

ARAŞTIRMASI 

ÖZET 

Terahertz görüntüleme tekniklerinin değerlendirilmesi temeline bağlı olarak,bu 

çalışma ve farklı tekniklerle daha detay sağlayan plazma spektroskopi  teknikleri 

(optik emisyon spektrometre yöntemleri) kullanarak akkor boşalımlı detektörler 

GDDs(soğuk plazma) üzerindeki manyetik alanları  ve terahertz radyasyonun etkisini 

deneysel olarak araştırmayı amaçlamaktadır. terahertz radyasyonu için pahalı 

olmayan detektörler olduğu için neon gösterge lambaları desteklenmektedir. THz 

radyasyonu ve manyetik alan etkileşimli akkor boşalımlı detektörler GDDs optik 

emisyon spektrometresi ile keşfedilmiştir. 

Deney kurulumunda akkor boşalımlı detektör GDD olan plazma kaynağı 

bulunmaktadır. Ayrıca,elektromanyetik alan iki  EM bobin ile oluşturulmuştur.THz 

radyasyonu ise Schottky Terahertz Diodes aracılığıyla tasarlanmış  THz sistem ile 

oluşturuluştur.Sonuçlar, AvaSpec-ULS3648 Star-Line  yüksek çözünürlüklü Fiber-

optik  Spektrometre ile toplanmıştır.Kullanılan analiz metotları ölçek ayarlama usulü 

ve çıkarma yöntemidir. 

THz radyasyonu, GDD üzerindeki düşük yoğunluğu bastırmaya çalıştığı araştırma 

sonunda ,GDD üzerindeki manyetik alan ve terahertz radyasyonunun etkisi ile 

yansıtılan sonuçlar cesaret vericiydi.Bu yüzden,bu çalışma THz radyasyonunu tespit 

etmede kullanılan pahalı olmayan GDDs aracını kullanan diğer araştırmacıları 

desteklemektedir.Optik emisyon spektroskopisi,GDDs düşük yoğunluk ölçümlerini 

kullanmak yerine GDDs yi incelemek için çok kullanışlıdır. 

Anahtar kelimeler: THz radyasyonu,akkor boşalmalı GDD,elektromanyetik 

alan,optik emisyon spektroskopisi OES,plazma spektroskopisi 
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CHAPTER 1 

INTRODUCTION 

The electromagnetic range between 100 GHz to 10 THz are called Tera-Hertz 

radiation discern to be extremely inviting for applications in space technology, 

medication, communications and etc. The terahertz radiation (THz) has gotten 

impressive consideration lately, due to their broad logical and mechanical 

applications. Regardless of the colossal significance of terahertz radiation, the 

propagation qualities of THz waves have not yet been contemplated in detail, 

particularly THz waves proliferation in plasma. However, the interaction of the THz 

radiation with plasmas was investigated by the transmission, reflection, and 

absorption of the THz radiation crossed the plasmas [1, 2]. Otherwise, the impact of 

the magnetic field on the plasmas was examined.  

The plasma phenomenon occurs when applying enough energy (electrical field) on a 

neutral gas to reject an electron or more from the atom of gas, to get an ionising 

medium with parameters, plasma density, plasma frequency, collision frequency and 

plasma temperature [3]. Where, those parameters effect on the transmission, 

reflection, and absorption of the terahertz THz radiation crossed the plasmas. 

Therefore, the terahertz radiation can cross a dense plasma with high collision 

frequency close to THz repetition, without noticeable absorption power and reflection 

[4, 5]. Terahertz radiation sensors are finding a key part in a different scope of uses, 

for example, communication, identification of the materials, imaging, quality control 

or biochemical. At present time there exist an extensive assortment of the 

conventional profoundly stayed millimetre and sub-millimeter wavelength detectors 

and also new suggestions based on various standards and materials, which show up 

amid most recent years [6]. In addition, there is a broad field of measurement 

equipment, such as Detectors with direct and heterodyne detection, Electromagnetic 

coupling, Photoconductive broadband THz antenna sensors, Thermal sensors, 

Schottky barrier diodes, Transition edge sensors, Field−effect transistor detectors, 

Pair braking detectors [7] and chemometrics [8]. As well as, The glow discharge 
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detectors GDDs are utilised as a sensor for terahertz radiation THz can be employed 

them in applications like THz imaging [9]. Where the responsivity of glow discharge 

detectors GDDs dependent on the polarisation of the THz radiation [10]. Therefore, 

it can be utilised the neon indicator lamps GDDs as inexpensive detectors for terahertz 

radiation THz [11].  

The plasmas can be assorted into high-temperature plasma and low-temperature 

plasma. Where low-temperature plasma can be reached in a laboratory plasma. In 

addition, the latter group can be divided to local thermal equilibrium LTE, and non-

local thermal equilibrium non-LTE. Wherever, LTE means all species of plasma 

medium have the equal temperatures, such as electrons, ions and neutral particles. 

Moreover, the non-LTE refers to the temperature of plasma species much different 

[12]. Optical Emission Spectroscopy OES is usually used in the diagnosis of 

laboratory plasma. For Ex, gas discharge plasma such as inductively coupled plasma 

ICP, direct current plasma DCP, etc. Plasma diagnosis is a technique for finding 

information about plasma characteristics [13], such as plasma density, electron 

temperature and electron / ion energy distribution, etc.. In most cases, the spectral 

diagnosis method attempts to establish a selection relationship between plasma 

parameters and radiation characteristics, such as an emission or an absorption 

intensity and spectral line expansion or displacement [13, 14]. However, the analytical 

methods of optical emission spectroscopy OES are divided dependent on target 

parameter, where, the temperature of electron analysed by methods differs the density 

of electron methods. The temperature of ions and electrons is proportional to the 

average random kinetic energy. In the heat balance, the velocity distribution of each 

particle is determined by the Maxwell distribution [15].  

The improvement of new sources of the terahertz radiation THz spectral field has 

pulled in much consideration during recent years. The terahertz radiation can be 

generated by lots of sources. Solid-State electronic sources, Lasers, Mechanical 

Excitation Sources impelled by lasers Continuous, Optical Rectification etc. the solid-

state electronic source (Schottky Terahertz Diodes) was utilised in the experiment of 

the dissertation. Where the Schottky terahertz diodes are working as frequency 

multiplier to generate high-frequency signal [16]. Considering the THz radiation as the 
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main term into the experiment that effects on the GDD. The magnetic field strength 

B is the main component in the experimental setup of the thesis. Consequently, there 

are two ways to get a magnetic field B either by a permanent magnet or an 

electromagnetic coil. Considering the experiment setup, the permanent magnet 

couldn't use, due to several considerations; the permanent magnet has constant and 

weak magnetic field and inflexible tool. Furthermore, the electromagnetic coils have 

more advantages than the permanent magnets, due to the fact to create a DC magnetic 

field by just pass an electric current through a coil and it is an adjustable tool, to 

control the DC magnetic field strength via controlling the electric current. 

Based on the development of terahertz detection techniques, this study goal to 

investigate experimentally the impact of the terahertz radiation and magnetic fields 

on the cold plasma GDDs using plasma spectroscopy techniques (optical emission 

spectroscopy methods), which gave for more details via different techniques. that can 

be supported the neon indicator lamps GDDs as inexpensive detectors for terahertz 

radiation. 

The scope of the thesis 

The dissertation contains four chapters. The chapter one will be the Introduction. That 

has the general information, goals of the examination and the scope of the thesis. After 

that, the chapter two will talk onto the literature survey, which separated into four 

parts: Glow discharge plasmas, plasma spectroscopy, Terahertz radiation, interaction 

plasmas with THz radiation and flux distribution of a magnetic field by the coil. Then, 

the chapter three will be about the Methodology and implementation,  contains 

experimental methods, experiment apparatus, experimental setup, and experimental 

procedure. Thereafter, the chapter four will show and discuss the results and follow 

them the conclusion and future work. Also, there are references, a list of figures. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 GLOW DISCHARGE PLASMAS 

2.1.1 Introduction 

Plasmas are ionised gases; it can be formed by Theta pinches, Tokamaks and Glow 

discharge tube etc. We can present the plasma state as the fourth state of matter, in 

addition, the plasma distinguishes two main groups the high temperature or fusion 

plasma and low-temperature plasma or gas discharge [17, 18]. Generally, we can 

partition the plasma, which is in thermal equilibrium and non-thermal equilibrium. 

Thermal equilibrium means that temperature of all species (electrons, ions and neutral 

species) are similar. Commonly, the local thermal equilibrium (LTE) used which 

denotes that the temperatures of all plasmas species are the equal in localised areas in 

the plasma. Otherwise, non-local thermal equilibrium (non-LTE) means that the 

temperature of the plasma species is not the same [12, 19]. Properly; the electrons are 

much higher temperature than other particles (ions, neutral species and molecules). 

We can classify the gas discharge plasma into LTE and non-LTE plasma; this 

subdivision is usually related to the pressure in the plasma. High gas pressure means 

that many of the collisions in the plasma due to the presence of so many particles (the 

average free path of the short collision compared to the discharge length). Otherwise, 

a low gas pressure has a few collisions in the plasma (A long collisions mean free 

path compared to discharge length) [3].  

2.1.2 Fundamental Equations 

The charge is the source of the electric field through which each charge exerts a force 

on any other charge by inverse square separation (𝑟). 

𝑭 ∝
𝟏

𝒓𝟐
                                                                                             (2.1) 

Where 𝑟 is the distance between two charges. 
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An externally applied electric field will exert strength on any cost of entering it. 

𝑭 = 𝑬𝒒𝟎                                                                                         (2.2) 

Where the charges can generate the electric field. The Poisson's equation. 

𝜵. 𝑬 =
𝝆

𝝐𝟎
                                                                                                          (2.3) 

For slow time variations like DC and RF 

𝑬 = −𝜵𝝓                                                                                                             (2.4) 

From, (2.3) and (2.4) we will have, 

𝝏𝟐𝝓

𝝏𝒙𝟐 = −
𝝆

𝝐𝟎
                                                                                           (2.5) 

The electric field is generated at the x-axis by electrical potential (𝜙). 

The charge near the magnetic field also tests the force. Lorentz forces are easily 

combined with charge and electromagnetic effects 

𝑭 = 𝒒(𝑬 + 𝝂 ∗ 𝑩)                                                                                        (2.6) 

Where q is the quantity of charge, E is an electric field, v is velocity and B is the flux 

density. Can be generated an electric field by using an induced magnetic field and 

conversely. The Faraday's Law gives us the relation between the electric field and the 

magnetic field. 

𝜵 ∗ 𝑬 = −
𝝏𝑩

𝝏𝒕
                                                                                              (2.7) 

If applying an electric field on a charge, it will gain kinetic energy. 

𝟏

𝟐
𝒎𝒗𝒅

𝟐 = 𝒆𝑽 = ∫ 𝒆𝑬. 𝒅𝒙
𝒙

𝟎
                                                                             (2.8) 

In which, (𝑣𝑑) is a drift velocity. The energy (𝑒𝑉) can be gained by moving a given 

distance (𝑥), in the trend of an electric field [18]. 
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2.1.3 Fundamental Parameters of plasma physics 

2.1.2.1 Plasma temperature (𝑻𝒆) 

If the electron accelerated by an electric field, imply it gains kinetic energy by velocity 

(𝑣). 

𝑬 =
𝟏

𝟐
𝒎𝒆 〈𝒗𝒆

𝟐〉                                                                                              (2.9) 

Here, the angular brackets to 𝑣 means the average of electron velocity. In plasma 

physics is denoted the kinetic temperature of electrons related to Plasma Temperature 

[12]. 

𝑻𝒆 =
𝟏

𝟐
𝒎𝒆 〈𝒗𝒆

𝟐〉                                                                                                    (2.10) 

Temperature unit is kelvin (K) Often use equivalent voltage of the temperature: 

𝑇𝑒(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 − 𝑣𝑜𝑙𝑡𝑠) =
𝑘𝑇𝑒(𝑘𝑒𝑙𝑣𝑖𝑛𝑠)

𝑒
 

Where 𝑘 = 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 1.38 ∗ 10−23 𝐽/𝐾 

2.1.2.2 Plasma Density (𝒏𝒔) 

In the quasi-neutral situation, the number of ions (𝑛𝒊) and electrons (𝑛𝒆) are 

approximately equal, 𝑛𝒆 ≈ 𝑛𝒊 ≡ 𝑛𝒔. Number of species, 𝑛𝒔  =  107 − 1020 𝑐𝑚−3. 

Typical glow discharges and arcs have an electron and ion density ~ 108 − 1014 [12]. 

2.1.3.3 Electron plasma frequency (𝝎𝒑𝒆) 

In physics of plasmas, there is the most important term. The plasma frequency (𝝎𝒑𝒆), 

where, the electron frequency is faster than ion frequency, dependent on the mass. In 

textbooks. The electron plasma frequency it is same "The Plasma Frequency" [12, 

17]. 

𝝎𝒑𝒆 = √
𝒆𝟐 𝒏𝒆

𝝐𝟎𝒎𝒆
                                                                                                   (2.11) 
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2.1.2.4 Debye length (𝝀𝑫) 

In physics of plasmas, the Debye length is the effective distance between two 

oppositely charged particles. In which, each charge particles have electric field radius 

called Debye shielding distance [3, 12, 17, 20]. 

𝝀𝑫 = √
𝝐𝟎𝒌𝑻

𝒏𝟎.𝒆𝟐                                                                                                          (2.12) 

2.1.2.5 Elastic and inelastic collisions 

Heretofore, the most joint encounter in gases is among pairs of particles (dual 

collisions). When particles react, (collide) energy and momentum must conserve. 

There are two events [12, 17]. 

I.Elastic: momentum is propagated between particles and the total kinetic 

energy does not modify. 

II.Inelastic: momentum is propagated between particles but a part of the 

primary kinetic energy is imparted to inner energy in one or more of the 

particles. 

 

2.1.2.6 Mean free path (𝝀𝒊) 

In plasma bulk, where, there are many collisions between charged particles, here, the 

mean free path is the average distance crossed between collisions by particles [12, 

17]. 

2.1.2.7 Townsend’s coefficient (α) 

The first Townsend's coefficient, that refers to the rate of ionisation events to unit 

distance for electrons having a drift energy in the trend of the electric field 𝐸. 

𝜶 =
𝟏

𝝀𝒊
. 𝒆𝒙𝒑 (−

𝑽𝒊

𝒆𝑬𝝀
)                                                                      (2.13) 

Since the mean free path is inversely proportional to pressure(𝑝), we can write the 

coefficient as. 
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𝜶 = 𝑨𝒑 𝒆𝒙𝒑 (−
𝑩𝒑

𝑬
)                                                                                        (2.14) 

Where, the constants A and B are properties of the gas [12, 17]. 

2.1.2.8 Paschen’s law 

After one mean free path for ionisation (𝜆𝑖), an electron produces binary of electron 

of ions on average. Therefore, after a few (𝜆𝑖) the electron ions increase. The number 

of ions can be estimated for slab of gas 𝑑𝑥 by; 

𝒅𝑵 = 𝑵 (
𝒅𝒙

𝝀𝒊
)                                                                                                     (2.15) 

Where, N is local of electrons density, here, the charged particles (𝑛𝑒 , 𝑛𝑖) grows 

exponentially with distance of parallel gap 

𝑵 = 𝑵𝟎. 𝒆𝒙𝒑 (
𝒙

𝝀𝒊
)                                                                                               (2.16) 

Now, combining Townsend’s coefficient (α) function with the previous function. 

𝑨𝒑𝒅 𝒆𝒙𝒑
−𝑩𝒑

𝑬
= 𝒍𝒏 (𝟏 +

𝟏

𝜸
)                                                                            (2.17) 

For planar geometry, the breakdown voltage (𝑉𝑑 = 𝐸. 𝑑). 

𝑽𝒅 =
𝑩𝒑𝒅

𝒍𝒏(𝑨𝒑𝒅)−𝒍𝒏 [𝒍𝒏(𝟏−𝜸−𝟏)]
                                                                        (2.18) 

Where, 𝐴 𝑎𝑛𝑑 𝐵 are private constants for each gas, and 𝑝 is the pressure at the 

breakdown. Here we see the breakdown-voltage (𝑉𝑑) dependent on the pressure (𝑝) 

and length of the gap (𝑑). However, (𝛾) is the second Townsend's coefficient that is 

the probability of an ion creating one secondary electron ion near the cathode, this is 

common dependent on the gas [12, 17, 21]. 
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2.1.2.9 Paschen curve 

The Paschen curve is commonly relation between the voltage which produces an 

electric field to ionise a gas, and pressure (𝑃) with the length of gap (𝑑) in parallel 

plate system. To find the minimum breakdown-voltage to each gas [12, 17]. 

 

Figure 2.1 The Paschen curve. 

2.1.2.10 Breakdown 

In this section, taking into account the process of electrical collapse. If an electric field 

is applied on a parallel gap containing the width d of the gas, the gas is suddenly 

formed from the insulating medium to the conductive gas at a sufficiently high field. 

Assuming that several electrons are always in a vacuum, or due to cosmic rays, the 

field emission near the surface is strongly enhanced near the electric field. The above 

is assumed to be a DC state. RF breakdown is similar, except that high-frequency 

surface treatment is not so important: electrons are field oscillation limits multiplied 

by additive diffusion 

As with DC and RF a low-frequency breakdown and higher 𝑝𝑑 values requires some 

larger voltages in order to achieve a breakdown, and at lower 𝑝𝑑, the breakdown 

voltage rises sharply again [17, 21, 22]. 
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2.1.4 The Glow Discharge Plasmas Generation 

The glow discharge is a plasma produced by a path of the electric field through a low-

pressure gas to atmospheric pressure. Therefore, the mechanism of the glow discharge 

is started by applying a DC voltage on a gas discharge using electrodes under vacuum. 

 

Figure 2.2 The relationship between Current and Voltage of Discharge 

Plasmas. 

Thus, allowing increase the voltage (apply an electric force onto the particles of gas) 

from (A) on the plot until (B). When a basic estimation of electric field quantity is 

reached, the atomic gases will collapse (D). Suddenly, the glow discharge will occur 

(G) called normal glow discharge. If the voltage increases, the discharge gas will 

follow an ohmic behaviour (H) called abnormal glow discharge. If the voltage 

increase more, the gas discharge will fall into the electric arc (J) [3, 12]. whereas, 

there are different methods to get a glow discharge. 

2.1.4.1 Direct Current Glow Gas Discharges 

If we apply a sufficiently high voltage difference between two electrodes positioned 

in a gas, the gas will break down to ions and electrons. So, that the mechanism of gas 

collapse can be explained; due to the ubiquitous cosmic radiation, several electrons 

are released from the electrodes. In the case where no voltage difference is applied, 

the electrons emitted from the cathode cannot maintain the discharge. However, when 
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the voltages difference is used, the electrons are accelerated by an electric field 

opposite to the cathode and collide with the neutral particles. Here, the inelastic 

collisions here are most important, which leads to excitation and ionisation. Excited 

collisions, followed by the de-excitation of the radiation, responsible for the name of 

the "glow" discharge. Ionisation collisions produce new electrons and ions. In 

addition, the electric field accelerates the ions to the cathode, where they release new 

electrons by ion-induced secondary electron emission. The electrons produce new 

ionisation collisions that produce new ions and electrons. Electron emission processes 

at these cathodes and ionisation in the plasma causes luminescence [19, 23]. 

2.1.4.2 Capacitively Coupled Radio-Frequency Glow Discharges (CCRF) 

Radio Frequency plasma sources use high power AC sources to generate a plasma. 

RF discharges generally operate in the frequency range 𝑓 =  𝜔/2𝜋  1 − 100 𝑀𝐻𝑧 to 

produce a non-thermal plasma with 𝒏𝒆  =  1010 𝑐𝑚−3 and 𝜈 =  109 𝑠−1  yields a 

skin depth of 0.25 m at frequency of 13.56 MHz. The container of a capacitively 

coupled discharge might have some interior circular disc-shaped parallel electrodes, 

which are separated by a distance of a few centimeters. They may be in contact with 

the discharge or they might be isolated from it by a dielectric. In the situation where 

insulating chamber walls, outer electrodes, i.e. electrodes on the outside of the vessel, 

are sometimes utilized. Gas pressures are commonly in the range 1– 103 Pa [19, 22, 

24]. 

2.1.4.3 Pulsed Glow Discharges 

In addition, the RF voltage is applied to the glow discharge, the voltage can be used 

in the form of separate pulses, the length of which is about nanoseconds. The peak 

current can be operated at higher peak voltages due to pulsed discharges and at the 

same average power, ionisation, excitation and higher sputtering, and thus are the 

preferred efficiency [19]. 

2.1.4.4 Atmospheric Pressure Glow Discharges 

As mentioned before, the gas discharge can be operated at a large pressure. The typical 

pressure range is about 100 Pa, and the operation at higher pressure is (for atmospheric 
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pressure), but it is easy to cause the arc and the heating of the cathode. According to 

the law of the classical theory, if the linear dimension of the device (𝑑) decreases, the 

variable of the product (𝑝𝑑) remains constant during the downscaling, and the gas 

pressure (𝑝) can be increased. Therefore, the miniaturized discharge device is 

expected to produce glow discharge at atmospheric pressure [19]. 

2.1.4.5 Corona Glow Discharges 

In addition to the gas discharge through the electrode, there is another pulse DC 

discharge with the cathode wire. Use a high negative potential on the cathode, and 

discharge at atmospheric pressure. "Corona discharge" the name appears in such a 

fact that the discharge around the wire is like a crown of illumination. The mechanism 

of negative corona discharge is like that of DC glow discharge. The ions are increased 

towards the wire and which in turn causes a secondary electron emission. The 

electrons are increased into the plasma. This is referred to as a streamer [19]. 

2.1.4.6 Magnetron Glow Discharges 

In addition, a magnetic field may be applied in order to apply a DC or RF voltage 

difference (electric field) to the glow discharge. The most famous type of discharge, 

characterised by crossover electric field and magnetic field, is called the magnetron 

discharge. Three different kinds of magnetron arrangements can be featured, circular, 

cylindrical and planar magnetrons. It called 'balanced planar magnetron', which is a 

magnetic field symmetrical about the axis, applying a permanent magnet magnetic 

field behind the cathode so that the magnetic field path begins and returns to the 

magnet. Thus, a "magnetic ring" is created on the surface of the cathode, with an 

average radius R and a domain w, which "catches" electrons, which are paths that 

accelerate from the cathode by an electric field. The electrons will travel along the 

magnetic field path along the helix, which will move on longer path lengths in the 

plasma than in the normal glow discharge [19].  

2.1.4.7 Low Pressure, High-Density Plasma 

In recent years, some low-pressure and some high-density plasma glow discharges 

have been developed, fundamentally, as an alternative to capacitive RF discharge and 
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magnetic development variants for deposition and etching applications. In fact, one 

of the drawbacks of RF diodes is that current and voltage cannot be independently 

planned. Thus, bombardment energy and ion bombardment fluxes cannot be 

diversified independently of each other, unless the application of different 

frequencies, which is not always very useful [19]. 

2.1.5 The Glow Discharge Plasmas Applications 

In this dissertation, will briefly introduce the applications. Subsequently, the glow 

discharge plasmas have many application fields; industrial applications [25] (e.g. 

Etching , Deposition, Sputtering, etc.), environmental applications (e.g. wastewater 

treatment [26], etc.), Plasma displays (e.g. TV, plasma display panel, etc.), Lamps 

(e.g. fluorescence lamps, neon lamps or glow discharge detectors GDDs, etc.) [19]. 

The latter tool of glow discharge plasma (GDDs) is the tool which was utilised in the 

dissertation. 

2.2 PLASMA SPECTROSCOPY 

2.2.1 Introduction 

In this part of literature review, we will talk about plasma spectroscopy. The plasmas 

can be classified into high-temperature plasma and low-temperature plasma. Where 

low-temperature plasma can be achieved in a laboratory plasma. In addition, the latter 

group can be divided to local thermal equilibrium (LTE), and non-local thermal 

equilibrium (non-LTE). Wherever, LTE means all species of plasma medium have 

the same temperatures, such as electrons, ions and neutral particles. Moreover, the 

non-LTE refers to the temperature of plasma species much different [12]. Optical 

Emission Spectroscopy (OES) is generally used in the diagnosis of laboratory plasma. 

For Ex, gas discharge plasma such as inductively coupled plasma (ICP), direct current 

plasma (DCP), etc. Plasma diagnostics are the techniques used to obtain information 

about the properties of plasma [27]. Such as the density of the plasma, electron 

temperature and electron/ion energy distributions, etc. Generally, spectral diagnostic 

methods attempt to establish selection relationships between the plasma parameters 
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and the radiation features, such as the emission or absorption intensity and the 

broadening or shifting of the spectral lines [13, 14]. 

2.2.2 Types of radiations 

If an atom or ion in plasma medium collides with an electron-ion, will emit radiation 

when the occurring transition between different energy levels. Where in plasma 

spectroscopy, the interaction of electrons and ions with the radiating species is 

important [28]. 

2.2.2.1 Line radiation 

Line radiation occurs for electron transition between bound levels generate line 

spectra [14, 28]. If an electron falls off from the upper energy level (𝐸𝑝) to the lower 

energy level (𝐸𝑞), it will emit photon energy (ℎ𝜈𝑝𝑞). 

Where, (ℎ) is Planck's constant and (𝜈𝑝𝑞) is frequency of specific photon for those 

levels. 

𝒉𝝂𝒑𝒒 = 𝑬𝒑 − 𝑬𝒒                                                                                              (2.19) 

2.2.2.2 Recombination radiation (free - bound) 

Recombination radiation occurs when a free electron in the continuum recombines 

with an ion [14, 28]. 

𝒉𝒗 = 𝑬(∞) +
𝟏

𝟐
𝒎𝑽𝟐 − 𝑬𝒑                                                                      (2.20) 

Where, (𝑚) is the mass of electron, (𝑉) its velocity and (𝐸𝑝) is energy level of an ion. 

2.2.2.3 Free – free radiation. 

Free-free radiation occurs due to friction between two free energy ions, called 

Bremsstrahlung [14, 28]. Usually, it generates as light x-ray. 

𝒉𝝂𝒋𝒊 =
𝟏

𝟐
𝒎𝑽𝒋

𝟐 −
𝟏

𝟐
𝒎𝑽𝒊

𝟐                                                                           (2.21) 
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Where (𝑉𝑗) is the velocity of electron before collision, (𝑉𝑖) is the velocity of electron 

after collision, (𝑚) is mass of electron and (𝜈𝑗𝑖) is frequency of the radiation. 

In plasma, the population of the various energy levels produce us the relative amounts 

of line recombination and continuum radiation. Such as the energy level stripped of 

its electrons has not line radiation. The intensive variables as the kinetic temperature 

and the number of density effect on the relativity of ionisation [14]. 

2.2.3 Analytical methods 

The analytical methods of optical emission spectroscopy (OES) are divided dependent 

on target parameter, where, the electron temperature analysed by methods differ 

electron density methods. And, the average random kinetic energy is directly 

proportional to the temperature of ions and electrons. In thermal equilibrium, Maxwell 

distribution governs the distribution of velocities for each type of particles. where 

difficult to be achieved the thermal equilibrium condition into laboratory plasma [15]. 

In this case, when LTE is considered, the same temperature for atoms, ions, and 

electrons are associated in the plasma. However, in the absence of LTE, means the 

electrons, ions and atoms are characterised by its own temperature, in the plasma will 

not achieve equilibrium. Hence, the temperature of the plasma as a bulk to be the term 

plasma temperature in LTE. contributed mainly by the faster-moving electrons due to 

the smallest mass compared to atoms and ions. 

2.2.4 Determination of Temperature 

2.2.4.1 Ratio Method 

The simplest approach to determine the temperature is done by the intensity ratio of 

two spectral lines [15, 28], provided that the population densities of the lines on the 

upper level are in LTE. Observe that the temperature decided from this strategy 

alludes to excitation temperature consequently if LTE condition holds, the 

temperature is then known as electron temperature. The intensity of the spectral line 

which is assumed to be optically thin is given by. 
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𝑰𝒑𝒒 =
𝒉𝒄𝑨𝒑𝒒𝒈𝒑𝒏

𝝀𝒑𝒒𝑼(𝑻)
. 𝒆(

𝑬𝒑

𝒌𝑻
)
                                                                                          (2.22) 

Where (𝐼𝑝𝑞) is the intensity, (𝜆𝑝𝑞) is the wavelength, (𝐴𝑝𝑞) is the transition 

probability, corresponds to transition between energy levels(𝑝, 𝑞), (ℎ) is Planck's 

constant, (𝑐) is speed of light, number density of emitting species (𝑛), (𝑘) is 

Boltzmann's constant, excitation temperature (𝑇), (𝑔𝑝) is the statistical weight of 

upper energy level, U(T) is partition function and (𝐸𝑝) energy of upper level in (eV). 

If the intensity ratio of two spectral lines of the same species and ionisation stage is 

taken, the constants will cancel each other, to yield the relationship as; 

𝑰𝟏

𝑰𝟐
=

𝒈𝟏.𝑨𝟏.𝝀𝟐

𝒈𝟐.𝑨𝟐.𝝀𝟏
. 𝒆[−(

𝑬𝟏−𝑬𝟐
𝒌𝑻

)]
                                                                         (2.23) 

Where, (𝐼) is the intensity, (𝑔) is the statistical weight, (𝐴) is the transition probability, 

(𝜆) is the wavelength, (𝐸) is the energy of excited state and (𝑘) is Boltzmann constant, 

the subscript (1) and (2) refer to the spectral lines of the same element selected. 

2.2.4.2 Boltzmann Plot 

In Boltzmann plot, we will use the intensity line equations, 

𝑰𝒑𝒒 =
𝒉𝒄𝑨𝒑𝒒𝒈𝒑𝒏

𝝀𝒑𝒒𝑼(𝑻)
. 𝒆

(
𝑬𝒑

𝒌𝑻
)
                                                                                          (2.24) 

By rearrangement to yield, 

𝝀𝒑𝒒.𝑰𝒑𝒒

𝒉𝒄𝑨𝒑𝒒𝒈𝒑
=

𝒏

𝑼(𝑻)
. 𝒆

(
𝑬𝒑

𝒌𝑻
)
                                                                                           (2.25) 

Taking natural logarithm of both sides of equation, 

𝒍𝒏 (
𝝀𝒑𝒒.𝑰𝒑𝒒

𝒉𝒄𝑨𝒑𝒒𝒈𝒑
) = −

𝟏

𝒌𝑻
. 𝑬𝒑 + 𝒍𝒏 (

𝒏

𝑼(𝑻)
)                                                         (2.26) 

We will get a linear relationship when left side of equation vs (𝐸𝑝), and the electron 

temperature (𝑇) may be calculated via the slope. An advantage that Boltzmann plot 

has over the ratio method is that lines, which are optically thick, can be easily 
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identifiable from the large deviation of the data points in the straight-line fitting [15, 

28]. 

2.2.4.3 Saha-Boltzmann Equation. 

The Saha-Boltzmann equation is considered the ionisation stage at the upper energy 

level, and hence the temperature is estimated by this method is known as ionisation 

temperature. the ionisation temperature will be equal to the electron temperature, 

Taking into consideration LTE conditions. Different,  ratio method or Boltzmann plot, 

which two spectral lines are required from the same species, Saha-Boltzmann 

equation uses spectral lines of the same element and sequential ionisation stages [15, 

28]. 

𝒏𝒆 =
𝑰𝒁

𝑰𝒁+𝟏
∗  𝟔. 𝟎𝟒 ∗ 𝟏𝟎𝟐𝟏(𝑻)

𝟑
𝟐⁄ . 𝒆

(
𝑬𝒑,𝒁−𝑬𝒑,𝒁+𝟏−𝑿𝒁

𝒌𝑻
)
                                    (2.27) 

Where, 

𝑰𝒁
∗ =

𝑰𝒁.𝝀𝒑𝒒,𝒁

𝒈𝒑,𝒁.𝑨𝒑𝒒.𝒁.𝑿𝒁
                                                                                                (2.28) 

In which, (𝐼𝑍
∗) is the ionization energy of the species in ionization stage (𝑧) in (eV), 

(𝜆𝑝𝑞,𝑍) is the corresponding wavelength of transition from level-𝑝 to level-𝑞, (𝑋𝑍) is 

the line intensity for transition from upper level-𝑝 to lower level-𝑞, (𝐴𝑝𝑞.𝑍) is the 

transition probability from level-𝑝 to level-𝑞, (𝑔𝑝,𝑍) is the statistical weight of 

transition from level-𝑝, and (𝑇) is the temperature of electron. 

The ionisation stage of the species denotes by a subscript (𝑧). However, the Saha-

Boltzmann is utilised to determine the electron temperature by the knowledge of 

electron density. Therefore, this formula may work in two directions, such that one 

can also estimate the electron density via knowledge of electron temperature. 

2.2.4.4 Doppler Broadening 

If the spectral line profile appears as a Gaussian profile, this suggests that Doppler 

and pressure broadening control the plasma [15, 28], which given as: 
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𝑭𝑾𝑯𝑴 = ∆𝝀𝟏
𝟐⁄ = 𝟐𝝀√

𝟐𝒌𝑻𝑷𝒍𝒏𝟐

𝒎𝒄𝟐
                                                                  (2.29) 

Where, (𝑘) is Boltzmann constant, (𝑚) is the atomic mass, (𝑐) is the speed of light, 

(𝑇𝑃) is the plasma temperature, (∆𝜆1
2⁄ ) is the Full Width Half Maximum (FWHM) of 

Doppler broadened spectral line, and (𝜆) is the central wavelength value of the peak. 

2.2.5 Determination of Electron Density. 

In this part, the electron density of plasma is obtained by different techniques, namely 

the Saha-Boltzmann equation and Stark broadening relationship have been discussed. 

Where the other available methods are successfully applied to estimate an electron 

density of the plasma [28]. 

2.2.5.1 Stark Broadening. 

The electric field of electrons and ions yield Stark broadening, will guide to spectral 

broadening [15, 28] with FWHM given by formula 

𝑭𝑾𝑯𝑴 = ∆𝝀𝟏
𝟐⁄ = 𝟐𝝎 (

𝑵𝒆

𝟏𝟎𝟏𝟔)                                                                    (2.30) 

Where, (𝜔) is the electron impact parameter and (𝑁𝑒) is density of electron. 

This method has been applied to determine the electron density from laser induced 

plasma by most researchers. 

2.2.5.2 Saha-Boltzmann Equation. 

As we mentioned before, Saha-Boltzmann Equation determined electron temperature 

by electron density, therefore, if the temperature of plasma is known, will find the 

electron density immediately by a formula provided emission lines from the same 

species of successive ionisation stage were present [15, 28]. 
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2.3 TERAHERTZ RADIATION 

2.3.1 Introduction 

The terahertz district (THz) of the electromagnetic (EM) range (0.1 to 10 THz), 

existing between the infrared and microwave band, it called terahertz radiation, 

millimetre waves, T-rays or THz gap. 

 

Figure 2.3 Electromagnetic Radiation Spectrum. 

Has gotten impressive consideration lately, due to their broad logical and mechanical 

applications in medicinal finding, security screening, military recognition, radio space 

science, climatic reviews, fast communication, chemical and biological detecting. 

Regardless of the colossal significance of terahertz radiation, the propagation qualities 

of THz waves have not yet been contemplated in detail, particularly THz waves 

proliferation in plasma [1, 2]. 

2.3.2 Terahertz Apparatus 

Exemplary terahertz trial station, for example, a created for imaging, tomography or 

spectroscopy, involves the three primary parts of the source, which delivers the 

terahertz radiation, the ingredients, which control the radiation, and the indicator, 

which detects the radiation [1]. 
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Figure 2.4 Typical terahertz apparatus. 

(I) Generation. (II) Components. (III) Detectors. (IV) Applications. 

Terahertz components. Optical ingredients are such things as mirrors, focal points and 

polarizers. As opposed to unmistakable optical frameworks, where focal points and 

comparative transmitting components prevail, terahertz frameworks tend to utilise 

reflecting components, which have insignificant misfortune and no scattering. 

Terahertz mirrors have ordinarily been made of metal. Different materials have been 

as of late trialled, for instance, doped and undoped GaAs and a cross breed of 

polypropylene and high-resistivity silicon. Tunable mirrors, in light of one-

dimensional photonic gems, have additionally been produced [1]. we highlight a 

couple of the real part innovations that have been created for terahertz applications. 

They comprehensively fall into two classes: generation and detections. 

2.3.3 Generation THz Radiation 

The improvement of new sources in the terahertz (THz) spectral field has pulled in 

much consideration during recent years. There are lots of sources of the terahertz 

wave. The general source of THz radiation (thermal source) is the mercury bulb. And 

there are other sources as Vacuum electronic sources, Solid-state electronic sources, 

Lasers, Mechanical Excitation Sources pumped by lasers Continuous, and Optical 

rectification [1]. In addition, Coherent terahertz (THz) recurrence radiation is 

discharged from the surface of a semiconductor after excitation by an ultrafast laser 

pulsation [29]. Therefore, generation of continuous-wave terahertz (CW-THz) 

radiation by Photo-mixing with double-mode and multi-mode lasers in the sub-

terahertz repetition zone [30]. Thus, is possible to generate an intensive terahertz 

radiation, by mixing short laser pulse with its frequency, the terahertz generation 

operation relies upon the relative polarizations of the lasers and the terahertz repetition 

Generation 
(Sources).

Components.
Detectors 
(Sensors).

Applications
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[31, 32] since the laser pulsation period is ordinarily in the picosecond or sub-

picosecond range the producing radiation is in the terahertz or multi-terahertz range. 

Another generally utilised strategy for ultrashort THz pulsation generation is optical 

rectification (OR) of femtosecond laser pulses [1, 33]. Consequently, ultrashort laser-

driven ionisation can radiate to a great degree broadband, single-cycle terahertz 

pulsations [34]. Otherwise, The utilisation of photoconductive switches is likely the 

most generally utilised technique for the generation and detection of THz pulsations 

in TDS [33]. 

2.3.4 Detection THz radiation (Sensors) 

Terahertz radiation sensors are finding a key part in a different scope of uses, for 

example, communication, identification of the materials, imaging, quality control or 

biochemical. At present time there exist an extensive assortment of the conventional 

profoundly stayed millimetre and sub-millimeter wavelength detectors and also new 

suggestions based on various standards and materials, which show up amid most 

recent years [6]. In addition, there is a wide range of measurement equipment, such 

as Detectors with direct and heterodyne detection, Electromagnetic coupling, 

Photoconductive broadband THz antenna sensors, Thermal sensors, Schottky barrier 

diodes, Transition edge sensors, Field−effect transistor detectors, Pair braking 

detectors [7] and chemometrics [8]. Terahertz detectors have advanced quicker than 

whatever other sub-millimeter wave innovation. These days, there are close quantum-

constrained sensors that can gauge both highly narrow-band waves or broadband up 

to or surpass one Terahertz [35]. The glow discharge detectors (GDDs) are utilised as 

a sensor for terahertz radiation (THz) can be employed them in applications like THz 

imaging [9]. Where the responsivity of glow discharge detectors (GDDs) dependent 

on the polarisation of the THz radiation [10]. Therefore, it can be used the neon 

indicator lamps (GDDs) as inexpensive detectors for terahertz radiation (THz) [11]. 

2.3.5 Applications 

In this dissertation, will briefly introduce the applications. Obviously, terahertz 

innovation is quite recently starting to become an adult and numerous applications yet 

to be acknowledged lie in the holdup. Subsequently, as another sort of coherent light 
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source shows extraordinary logical esteem and an extensive variety of uses in the 

comprehensive fields. for example, communication, physical chemistry, 

identification of the materials, imaging [36], information security, quality control, 

biochemical and medical technology, etc. [2, 33, 37].  

2.4 INTERACTION PLASMAS WITH THz RADIATION 

2.4.1 plasma Generation 

Glow discharge plasma is possible to generate by applying sufficiently of 

electromagnetic radiation on a neutral gas [23] Such as capacitively and inductively 

coupled RF discharge plasmas, microwaves discharge plasmas, furthermore the 

ionisation radiations as X-rays and gamma rays. Also can be created the glow 

discharge plasmas by applied powerful terahertz radiation on a neutral gas [38], the 

characteristic in use the powerful terahertz radiation sources the possibility to 

investigate the discharge phenomenon in another frequencies domain. For example to 

create glow discharge plasmas by gyrotron [39] and femtosecond laser pulsed [40, 

41]. 

2.4.2 Interaction with the plasma 

The plasma phenomenon occurs when applying enough energy (electrical field) on a 

neutral gas to reject an electron or more from the atom of gas, to get an ionising 

medium with parameters; plasma density, plasma frequency, plasma temperature and 

collision frequency [3]. Where, those parameters effect on the transmission, 

reflection, and absorption of the terahertz THz radiation crossed the plasmas. 

Therefore, the terahertz radiation can cross a dense plasma with high collision 

frequency close to THz repetition, without noticeable absorption power and reflection 

[4, 5]. Likewise, with the absorption-less power of terahertz radiation in 

inhomogeneous collision frequency plasma [42]. Otherwise, the terahertz radiation 

transmission through the dc glow discharge plasma is dependent on the polarisation 

of the radiation with respect to the direction of the electric field of plasma [43]. As 

well, the responsivity (GDDs) increases when the direction (polarisation) of the 

electric field parallel with the electric field of the THz radiation [10].  
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2.4.3 Diagnostic the plasmas 

The most common parameters in plasma diagnostic are plasma density, plasma 

frequency and plasma temperature, wherever there are several ways to measure them 

practical and estimate them theoretically. Recently the terahertz technicality has been 

used as a new method to diagnostic the plasmas, subsequently, the plasma 

temperature, plasma density, collision frequency and external magnetic field can 

bring about a huge change in the amount of absorption [44, 45]. Furthermore, the 

plasma electron density is measured by THz techniques in magnetic fusion plasmas 

[46]. Otherwise, terahertz time-domain spectral (THZ-TDS) techniques are utilised to 

characterise the glow discharge plasma, that methods have been applied to estimate 

characterization of plasma such as density and collisional frequency [47]. In addition, 

the features of terahertz time-domain spectroscopy (THZ-TDS) estimation is 

unaffected by the gas temperature and plasma density comparative with the traditional 

apparatus like a Langmuir-type double probe [48]. And gives high time determination 

and THz broader coverage of frequencies [49, 50]. 

2.5 FLUX DISTRIBUTION OF A MAGNETIC FIELD BY EM 

COIL 

The magnetic field along the axis of a solenoid will change depending on the location 

point into a coil, can be shown by formula: 

𝑩 =
𝝁𝟎𝒊

𝟐
(

𝑵

𝑳
) ∗ (𝒔𝒊𝒏∅𝟐 − 𝒔𝒊𝒏∅𝟏)                                                                  (2.31) 

Where 𝒊 is the current passing the coil, 𝑁 is number of turns, 𝐿 is the length of the 

coil, (
𝑁

𝐿
) is number of turns per unit of length and angles (∅1, ∅2) as shown in the 

figure. 
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Figure 2.5 The magnetic field along the axis of a solenoid. 

Where, the magnetic field 𝐵 for long solenoid at the midpoint, when angles 

(∅1 𝑎𝑛𝑑  ∅2) = 90𝑜. By using (1) will have: 

𝑩𝒎𝒊𝒅𝒑𝒐𝒊𝒏𝒕 = 𝝁𝟎𝒊 ∗ (
𝑵

𝑳
) = 𝝁𝟎𝒊. 𝒏                                                                  (2.32) 

Where, 𝑛 =
𝑁

𝐿
 is number of turns per unit of length. 

Therefore, the net magnetic field at the end of a solenoid when (
1

= 0° 𝑎𝑛𝑑 
2

=

90°). will be half the value at the center of the solenoid. By using (1) will have: 

𝑩𝒂𝒕 𝒕𝒉𝒆 𝒆𝒏𝒅 =
𝝁𝟎𝒊.𝒏

𝟐
                                                                                         (2.33) 
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Figure 2.6 The magnetic field strength distribution along the axis of the EM coil. 

Also, can be described the extension magnetic field B along the axis of a solenoid in 

air by 

𝑩 =
𝝁𝟎𝒊𝑵.𝑹𝟐

𝟐(𝒙𝟐+𝑹𝟐)
𝟑
𝟐

                                                                                                (2.34) 

Where 𝑥 is the distance along the axis of a coil. The net magnetic field 𝐵 in the coil 

is the sum of the magnetic fields of all the 𝑁 turns. Obviously, the magnetic field 

decreases whenever increase the distance 𝑥. 
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CHAPTER 3 

THE METHODOLOGY AND IMPLEMENTATION 

3.1 THE METHODOLOGY 

There are many methods to diagnostic plasma physics. Therefore, the optical emission 

spectroscopy, in short (OES) is commonly utilised in the diagnostic lab plasmas, such 

as the glow discharge plasmas. Where the thesis’ aim is investigating the effect of 

THz radiation and magnetic field on the GDDs by the optical emission spectroscopy 

methods. Furthermore, there are other research groups using the light intensity 

difference as an approach on the same topic. Keeping in mind the end goal to describe 

the glow discharge plasmas by methods for optical emission spectroscopy, an 

optically thin state of a spectral line is desired. In addition, the analytical methods of 

OES to glow discharge plasmas are divided dependent on target parameter, where, 

the electron temperature analysed by methods differ electron density methods [14, 15, 

28]. In our approach, the target spectral line was selected (wavelength range is 821 to 

825 nm) in the infrared region due to the highest intensity. Thereafter, the collected 

spectrums were processed by two paths. Firstly, the spectrums difference method 

(∆𝐼 = 𝐼𝑓 − 𝐼𝑏), whereas, the effected spectrums were subtracted from the original 

spectrum. Knowing that, the effected spectrum is 𝐼𝑓 either by THz radiation or the 

magnetic field and 𝐼𝑏is the original spectrum. Whereas, this method did not use 

before to analyzing of the optical emission spectroscopy. The second path, the 

common approach has been utilized (the ratio method 
𝐼𝑓

𝐼𝑏
). Whereas, the ratio method 

is the simplest approach in determining temperature is done by taking the intensity 

ratio of two spectral lines [15]. 
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3.2 Experiment apparatus 

3.2.1 Terahertz Radiation Generation System 

The improvement of new sources in the terahertz (THz) spectral field has pulled in 

much consideration during recent years. The terahertz radiation can be generated by 

lots of sources. The general source of THz radiation (thermal source) is the mercury 

bulb. And there are other sources as vacuum electronic sources, Solid-State electronic 

sources, Lasers, Mechanical Excitation Sources pumped by lasers Continuous, and 

Optical Rectification [1]. Subsequently, the solid-state electronic source (Schottky 

Terahertz Diodes) was utilised in thesis’s experiment. Where the Schottky terahertz 

diodes are working as frequency multiplier to generate high-frequency signal [16]. 

 

Figure 3.1 The Terahertz Radiation System. 

Terahertz radiation generation system which shown in the figure below was designed 

and implemented in the Lab. 

3.2.2 The Electromagnetic Coil (Solenoid) 

The magnetic field strength B is the main component in the experiment of the 

thesis. Consequently, there are two ways to get a magnetic field B either by a 

permanent magnet or an electromagnetic coil. Considering the experiment setup, the 

permanent magnet couldn't use, due to several considerations; the permanent magnet 

has constant and weak magnetic field and inflexible tool. Furthermore, the 
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electromagnetic coils have more advantages than the permanent magnets, due to the 

fact to create a DC magnetic field by just pass an electric current through a coil and it 

is an adjustable tool, to control the DC magnetic field strength via controlling the 

electric current. Based on what was said, the EM coils were utilised. The required DC 

magnetic field strength is (𝐵 ≅  200, 300 𝐺𝑎𝑢𝑠𝑠), by wire diameter was used (∅ =

0.361 𝑚𝑚) or American wire gauge (AWG No: 27), framework dimensions were 

(𝑑𝑖𝑛𝑛𝑒𝑟 = 28.0 𝑚𝑚, 𝑐 = 12.0 𝑚𝑚, 𝑏 = 27.0 𝑚𝑚). Where 𝑑𝑖𝑛𝑛𝑒𝑟 is the inner 

diameter, 𝑐 is the high of the coil and 𝑏 is the length of the coil, and the number of 

turns of the coil is (𝑁 = 2016 𝑛). The measured resistance approximately is 𝑅 =

44  Ω. By using ohm’s law (𝑉 = 𝐼𝑅), can find the maximum current (𝒊) via the 

maximum value of the DC power supply was 30V; 

𝒊30𝑉 =
30 𝑉

44 Ω
= 0.681 𝐴𝑚𝑝 = 681.8 𝑚𝐴 

The DC magnetic field B at midpoint of solenoid; 

𝐵𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 = 𝜇0𝑖 ∗ (
𝑁

𝐿
) = 𝜇0𝑖. 𝑛                                                                      (3.1) 

Thus, by using 30 VDC power supply can estimate a DC magnetic field strength at 

the midpoint of the solenoid. Where, 𝑁 = 2016 𝑛, 𝐿 = 𝑏 =  0.027𝑚, 𝑎𝑛𝑑 𝑖30𝑉 =

0.6818 𝐴𝑚𝑝 is 

𝐵𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 = 639.72 𝐺𝑎𝑢𝑠𝑠 

In fact, the magnetic field strength of short solenoid decreases along the axis from the 

midpoint in both sides. Accordingly, the experiment setup needs to apply a magnetic 

field B to impact on the GDDs at along the axis of the coils (opposite the coil), 

Subsequently, the effect on the GDDs does not homogeneous along the gap between 

the electrodes. more precisely, the GDDs structure has two parallel rod electrodes 

were placed on the extension of the axis of the coil. Of the above, the magnetic field 

distribution is inhomogeneous and decreases along the axis. So, the plasma interaction 

with a magnetic field B is weak and inhomogeneous along the electrode rods’ gap. To 

solve this problem. We used two symmetrical EM coil facing each other, on the same 

an axis, separate them by a gap to put the glow discharge detector GDD and crossing 
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THz radiation their axis. By this experiment setup, we will get a good flux distribution 

lines along the gap between the coils. Also, the net value of the magnetic field in the 

gap is the sum of the magnetic fields for both coils. 

 

Figure 3.2 (a) The flux distribution lines between two EM coils. (b) The EM coils that were used. 

3.2.3 The Glow Discharge Detectors (GDDs) 

The glow discharge detectors (the Neon Indicator Lamps) are utilised as abnormal 

plasma generator in the experiment of the thesis. The GDDs content two parallel 

electrodes made of tungsten into a small tube have the gas or the metal vapour under 

vacuum. The GDDs' colour is depending on the type of gas or the metal vapour which 

used. Where each gas or metal vapour have a specific colour, more precisely, each 

gas or vapour metal have specific spectral (spectral fingerprint). Moreover, the GDDs 

are inexpensive detector due to the low cost. 

 

Figure 3.3 The Neon Indicator Lamp or Glow Discharge Detectors (GDDs) that were used. 
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3.2.4 The Spectrometer 

A device utilised for recording and measuring spectra, particularly as a technique 

for investigation. The spectral data was taken by AvaSpec-ULS3648 Star-Line High-

resolution Fiber-optic Spectrometer, which has wide range coverage UV/VIS/NIR 

(Wavelength range 200 - 1100 nm). 

 

Figure 3.4 The Spectrometer that was used. 

The intensity measurements (in A/D Counts) can be converted into irradiance data 

with known the calibration light source (in 𝜇𝑊 / 𝑐𝑚2) by data transfer function:  

𝐼 = 𝐶𝑎𝑙𝑑𝑎𝑡𝑎 (
𝑠𝑎𝑚𝑝𝑙𝑒−𝑑𝑎𝑟𝑘

𝑟𝑒𝑓𝑐𝑎𝑙−𝑑𝑎𝑟𝑘𝑐𝑎𝑙
) ∗ (

𝑐𝑎𝑙_𝑖𝑛𝑡𝑡𝑖𝑚𝑒

𝑆_𝑖𝑛𝑡𝑡𝑖𝑚𝑒
)                                           (3.2) 

Where, (𝐶𝑎𝑙𝑑𝑎𝑡𝑎) is Intensity of the calibration light source (in 𝜇𝑊 / 𝑐𝑚2), (𝑟𝑒𝑓𝑐𝑎𝑙) 

is the reference spectrum for calibration light source, (𝑑𝑎𝑟𝑘𝑐𝑎𝑙) is the dark spectrum for 

calibration light source (in A/D Counts), (𝑠𝑎𝑚𝑏𝑙𝑒 and 𝑑𝑎𝑟𝑘)  means the spectrum of 

the sample and its the dark spectrum (in A/D Counts), respectively. (𝑐𝑎𝑙_𝑖𝑛𝑡𝑡𝑖𝑚𝑒) and 

(𝑆_𝑖𝑛𝑡𝑡𝑖𝑚𝑒) are integration time for the calibration light source and the sample, 

respectively. 
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3.3 Experiment Setup  

The interaction terahertz and magnetic field with abnormal plasma experiment 

include two electromagnetic coils, the glow discharge detector GDD, the terahertz 

source system and the spectrometer, as shown in the figure.  

 

Figure 3.5 The Experimental Setup. 

The EM coils were placed facing each other, on the same an axis by cylinder black 

paper, separate them a gap and connected series with an adjustable DC power supply. 

The glow discharge detector GDD was placed at the midpoint between EM coils and 

connected in series with a resistance (1 KΩ) to an alternate power supply. The 

Terahertz source (horn antenna) was placed confrontation the GDD to cross the EM 

coils’ axis. Where the terahertz radiation and magnetic field have been orthogonal on 

the electric field of the plasma. The spectrometer detector was placed on the axis of 

the EM coils opposite the GDD and connected to spectrometer by fiber-optic. The 

spectrometer (AvaSpec-ULS3648) was connected to the computer by USB cable. 

3.4 Experimental Procedure 

Initially, it is important to perform a detailed analysis of the radiated spectra 

and select lines to be utilised for the investigation of the impact the THz radiation and 

the magnetic field on the GDDs. However, The THz radiation system (the millimetre 

waves system), where the system consists of the THz radiation source and a THz 

radiation detector. Firstly, run the THz radiation source to generate 0.2 THz, then can 
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be checked THz radiation source by the detector part. After that, connect the EM coils 

to the DC power supply and connect the GDD to the alternate power supply to 

generate a plasma. Then, connect the spectrometer to the computer by USB cable also 

connect it to the detector by fibre optic and run the software (Ava soft 8).  

 

Figure 3.6 Illustrate the position of the GDD in the experiment setup. 

Subsequently, the original spectra of the GDD were taken by the spectrometer 

(AvaSpec-ULS3648) and saved under the name (Base) on the computer via excel file, 

with absent THz radiation and Magnetic field. After that, the THz radiation had 

applied on the GDD, the affected spectra were taken and saved under the name (THz 

is on). While the THz radiation had been presenting, the current was passed through 

the coils to impact the GDD by B field, therefore the affected spectra took and saved 

under the name (B and THz are on). After that, the THz source turned off and left the 

magnetic field is running, the affected spectra had taken and saved under the name (B 

is on). Where the magnetic field strength was generated by a value of current 0.35 A. 

and all files were saved on the computer via excel files. 

 

 

 



33 

 

 

CHAPTER 4 

THE EXPERIMENT RESULTS AND CONCLUSION 

4.1 THE EXPERIMENT RESULTS 

We selected the peak in the infrared range (821.0 to 825.0 nm) as shown in figure 4.1. 

Due to the highest intensity peak for the experiment. The GDD’s spectrum without 

effect noted as (Base), the spectrum (B is on) means the GDD’s spectrum affected by 

magnetic field, the GDD’s spectrum affected by THz radiation noted as (THz is on), 

and the GDD’s spectrum affected by both the magnetic field and THz radiation noted 

as (B and THz are on).  

 

Figure 4.1.1 illustrates the peak 

was selected for a specific range, 

plotted by the power in Watt.  

 

 

 

 

Figure 4.1.2 illustrates the peak 

was selected for a specific range, 

plotted by decibel milli-power. 
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Figure 4.2 The ratio of the spectrums, data curves were plotted by decibel milli-power. 

We utilised the ratio method for spectrums relative to the Base-Spectrum. The results 

were appeared as linear relation into spectral line range, as shown in figure 4.2. Which 

the results were processed by the ratio on the linear scale and decibel milli-power. 

However, the THz radiation effect was visible, where the light intensity of the GDD 

was decreased due to the THz radiation interaction with GDD’s plasma, that can be 

clarified via data curve which is under 0 level as shown in fig 4.2, and some of the 

data curves are upper 0 level, that means the light intensity of those wavelengths 

increased. In addition, the intensity of the GDD was increased due to the interaction 

of the magnetic field with plasma of GDD, that can be explained via data curve which 

is above 0 level as shown in fig 4.2. As well as, the intensity of the GDD was increased 

due to the interaction both the magnetic field and THz radiation with GDD, almost 

the behaviour of the interaction was like the magnetic field interaction with the GDD’s 

plasma. 
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Figure 4.3 The difference of spectrums. 

Also, we used the difference method, by subtracting the spectrums, relative to the 

Base-Spectrum. The data curves result were obtained as shown in figure 4.3. 

Manifestly, the differences of spectrums intensity describe the interaction between the 

THz radiation, the magnetic field and the GDD’s plasma. Therefore, the magnetic 

field interacted with the GDD’s plasma and increased the light intensity of GDD. Due 

to the circular motion of electrons via the magnetic field. On the other hand, the 

consequence of the circular motion of the path lengths of the electrons increased, 

Which increases the likelihood of collision resulting in an increase in the intensity of 

the light intensity of GDD.  Likewise, the THz radiation and the magnetic field 

interacted with the GDD’s plasma to yield data curve approximately same to the 

magnetic field’s data curve. Can be explained by the magnetic field strength is more 

effective than the THz radiation. Which refers to the various characteristics of the 

magnetic field and the THz radiation, Otherwise, the THz radiation effect on the 

GDD’s plasma quite different. Where observed the data curve has positive and 

negative values, due to the THz radiation worked to suppressed the light intensity of 
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GDD. Can be explained that, according to the waves properties, the interference, 

reflection, refraction and etc. The THz radiation as millimetre waves can interact with 

the waves which produced from GDD. In this case, the constructive interference and 

destructive interference is a significant factor in this state. This explains the existence 

of positive values and negative values of the data curve, which appears as a shift for 

spectrum line. 

4.2 CONCLUSION 

The terahertz radiation (THz) has gotten impressive consideration lately, due to their 

broad logical and mechanical applications. Regardless of the colossal significance of 

terahertz radiation, the propagation qualities of THz waves have not yet been 

contemplated in detail, particularly THz waves proliferation in plasma. However, the 

interaction of the THz radiation with plasmas was investigated by the transmission, 

reflection, and absorption of the THz radiation crossed the plasmas. Otherwise, the 

effect of the magnetic field on the plasmas was examined.  

The interaction of the THz radiation and the magnetic field with cold plasma (GDD) 

was investigated by optical emission spectroscopy. Where the peaks were selected in 

the infrared range (821.0 to 825.0 nm). which the highest intensity peaks into the 

spectrum of the result. By utilising the ratio and subtraction methods for spectrums 

relative to the Base-Spectrum, the results were obtained as linear relationship into 

spectral line range by ratio method. Therefore, the magnetic field increases the GDD’s 

light intensity, due to the circular motion of electrons via the magnetic field. On the 

other hand, the consequence of the circular motion of the path lengths of the electrons 

increased, Which increases the likelihood of collision resulting in an increase in the 

light intensity of the GDD. Otherwise, the differences of spectrums intensity describe 

the interaction between the THz radiation and the magnetic field with the GDD. 

Therefore, the THz radiation worked to suppressed the GDD’s plasma intensity, 

according to the characteristics of the wave, the constructive interference and 

destructive interference is a significant factor in this case. This explains the existence 

of positive values and negative values of the data curve, which appears as a shift for 

spectrum line. As well, the THz radiation and the magnetic field interacted with the 
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GDD’s plasma to yield data curve approximately same the magnetic field’s data 

curve. Can be explained by, the magnetic field strength is more effective than the THz 

radiation. And the nature of the magnetic field and the radiation of the terahertz are 

different. 

Therefore, this study supports the other researchers which utilised the inexpensive 

tool (GDDs) to detect the THz radiation. And, the optical emission spectroscopy is 

very useful to examine the GDDs than using the light intensity measurements of the 

GDDs.  

4.2 THE FUTURE WORK 

To importance of the subject and the development of GDDs to use in several fields of 

application and research, the study is recommended to complete the theoretical study 

to the interaction of GDDs with THz radiation and magnetic field. 

The study is recommended to investigate the ratio method (line to itself) to determine 

the electron temperature of plasma by the THz radiation or magnetic field using 

optical emission spectroscopy. To be the newest method in diagnosis the plasmas. 
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APPENDICES 

Appendix A: Characteristics of Neon gas spectrum (821.0 – 825.0 nm) [51]. 

Ion Wavelength (nm) 
Aki 

 (s-1) 

Ei  

 (eV) 

Ek  

 (eV) 

Lower Level  

 Conf. 

Upper Level  

 Conf. 
gk 

Ne II 821.3046  36.1788192 37.68800503 2s22p4(3P)4p 2s22p4(3P)5s 4 

Ne II 821.45712  34.63187023 36.14077580 2s22p4(3P)3d 2s22p4(3P)4p 6 

Ne VIII 821.7 2.32e+06 [140.76269] [142.2711] 1s23p 1s23d 6 

Ne IX 822.1 4.25e+05 1 071.8384 1 073.3461 1s3p 1s3d 5 

Ne II 824.4328  36.1788192 37.68227852 2s22p4(3P)4p 2s22p4(3P)5s 2 

Ne I 824.86823  18.63679141 20.13945716 2s22p5(2P°3/2)3p 2s22p5(2P°1/2)3d 3 
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