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I 
 

Abstract 

 

             In this work, a new model is designed of free electron laser defenses 

system FELDS in infrared range with high output power to destroy any target 

(missile, aircraft) at range 70 Km of sea level.  The design of any defense 

system requires knowledge of the characteristics of the target that will be 

destroyed, the range of the target and its  movement whether directed 

towards of the defense system or away from it. 

             The design of free electron laser FEL oscillator includes four basic 

ingredients an electrons gun, electrons accelerator, a static periodic magnetic-

field (undulator) and an optical resonator. 

             In order to simulate the defense system, and determine the parameters 

of that system, it has been established a special program using the language 

visual basic software 2010, which contains many parameters to calculate and 

analyze the atmospheric effect (such as absorption, scattering, fog, rain, 

reflection index, refraction index and beam diverges) on the laser beam of 

FELDS when passes through the different atmospheric layers. 
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Chapter one  

Introduction and Literature Survey 

1.1 Introduction  

 

              The laser is one of the top technological achievements of the 20th century, 

which has become increasingly affecting applications in various fields of civil and 

military life. It is a coherent beam with a wavelength that covers a wide range of 

electromagnetic spectrum in the confined area between infrared (around105 𝐴0)  

and ultraviolet radiation (around 2000 𝐴0) [1]. 

It should be noted, that most conventional laser types are not readily 

available within the far infrared region of the spectrum (around 3𝑥105 𝐴0 to 107 

𝐴0), or at X-ray wavelength (less than 100 𝐴0). Therefore, there is a suitable 

alternative laser covering these two areas in the electromagnetic spectrum, this 

type is called the free electron laser (FEL) [2]. 

FEL uses a beam of electrons passing through a periodic, transverse 

magnetic field to produce coherent radiation. Source of these electrons is an 

electron accelerator, like a linear accelerator (linac) or a synchrotron. The 

undulator (sometimes called "Wiggler") is a magnetic device to produce a static 

magnetic field, which transforms part of the kinetic energy of electrons into 

coherent electromagnetic radiation. The FEL has many important advantages 

compared to conventional laser such as [2-4]: 

1. Wide Tunability : The production of FEL can be controlled to become a 

wavelength beam in any region of the electromagnetic spectrum by varying 
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either the Intensity of magnetic field (𝐵𝑚) or the electron beam energy 

(𝐸beam). 

2. Short Pulses: It is known that ultra-short pulses cannot be produced at all 

wavelengths in conventional lasers. But the FEL can obtain ultra-short 

pulses at all wavelengths because the structure of the radiation pulse 

simulates that of the electron pulse. 

3. High Brightness: The FEL can produce with high brightness in both regions 

IR and X-ray. In IR, the FEL can provide brightness that is three to four 

orders of magnitude higher than synchrotron radiation sources or 

conventional laboratory sources [5]. 

4. Short-Wavelength: In the FEL can be generating high power, short pulse 

and short wavelengths in term short X-ray. 

5. High Power: The high power in conventional laser has disadvantages such 

as heating and breakdown of the laser medium. But in the free electron laser 

principle there is no fundamental limit because the electron beam (laser 

medium) exits the interaction volume at close to the speed of light, and 

electrons cannot breakdown. 

1.2 Directed High-Energy Laser 

        The technologies of Directed-Energy (DE) encompass a vast field of non-

kinetic capabilities that generate beams or fields of electromagnetic energy.  

Directed energy weapons (DEWs) propagate this energy to engage a target 

remotely at the speed of light [6,7]. 

One of the main benefits of Directed Energy technologies is scalability 

effects on the target, this effect that ranges from temporary-disruption to 

permanent damage. With High-Powered-Microwaves (HPM) effects can range 
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from interruption (shutting off an engine) to permanent damage to electronics 

within the target. The advantages of using High-Energy laser defense system are: 

[8,9] 

1. The laser beams travel at the speed of light. This leads to reach the target 

during parts of the second. 

2. The ammunition limitless in laser weapon system. 

3. The laser weapon system can destroy the target with any range by 

controlling out-power. 

4. There is no collateral damage when using laser weapon to the environment 

like bombings or chemical radiation. 

5. It's very easy to control the direction of the laser beam by using the mirror 

and focusing it on target.  

6. The cost is very low, which makes the laser weapon system effective 

compared with conventional weapons. 

 

          While  the disadvantages of using High-Energy laser defense system 

are [10]: 

1. The High-Energy laser defense system needed to the high amount for 

electrical power.  

2. The laser beam suffers from losing the power when traveling in the air 

occurs by the atmosphere effect. 

3. The high size of the laser weapon makes it fixed targets and it is easy to 

destroy. 

4. The turbulence of the atmospheric layer lead to change in the refractive 

index and this leads to change in the direction of the laser beam when it 

propagation through different atmospheric layers. 
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5. High reflectivity of the target surface (aluminum or steel) which leads to a 

high loss of laser beam energy when the laser beam falls on the target 

1.3 The Atmospheric Effects 

              The atmosphere of earth effects on the propagation of laser beam, where 

these effects happen at different points in the atmosphere. The atmosphere of earth 

can be classified into the following regions [11,12]: 

1. Troposphere: Stretch from the surface of the earth between (0-11 km) above 

the earth’s surface, the turbulence abounds in this region are due to a lot of 

thermal movement of air. The temperature of air decreases strongly as 

altitude increases due to expensive cooling. 

2. Stratosphere: Starts from the end of the troposphere and ends at the altitude 

(50 km). In this layer it can be found ozone layer. 

3. Mesosphere: Stretch from (50 to 80-85 km) above the Earth’s surface. 

4. Thermosphere:  Starts from the end of the mesosphere and ends at the 

altitude (+640 km) this layer contains the ionosphere which is a region of 

highly charged particles due from the ionization of atmosphere atoms 

molecules from solar radiation.  

5. Exosphere: This layer stretch to approximately 10,000 km. 

            The most important effects of atmospheric on the laser beam propagation 

are (refraction, reflection, scattering, absorption, rainfall and snowfall). These 

effects occur in the Tropospheric layer because the refractive-index of the 

atmosphere decreases with the increase of the altitude, leading to a bending of 

waves back toward the earth. All these phenomena are presented in Chapter Two. 
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1.4 Literature Survey 

            The following review briefly shows the results of some previous 

researchers on free electron laser and atmospheric effects on the laser beam. 

 

            In 1971 J. M. MADEY, was able to calculate the gain achieved in the 

movement of the relative electron while passing through a periodic magnetic field 

using Weizsacker-Williams method [13]. 

 

           In 1976 L. R. Elias and others, Studied the gain of the optical radiation at 

1.06x105 A0, a gain of 7% per pass was obtained at an electron current of 70 mA, 

and found the gain of for optical radiation at 1.06x105 A0 [14]. 

 

           In 1980 R. Ruquist, studied the variable atmosphere effects on high energy 

laser propagation, where they developed a method to determine the propagation 

performance based on an annual probability. They developed a statistical model of 

thermal blooming, a nonlinear absorption phenomenon which limits the spread of 

the laser beam[15]. 

 

            In 1984 R. Bonifacio and C. Pellegrini, studied the high gain of free 

electron laser and the development of a study of its behavior. In addition to setting 

special conditions for the emergence of a collective instability in the electron beam 

undulator field system and set the criteria for obtaining the best way to produce the 

greatest radiation energy[16]. 

 

            In 1988 K. S. Shaik, studied the optical communication and the factors that 

affect it, such as clear-air turbulence and atmospheric turbidity, beam broadening, 

the angle of arrival, absorption and scattering and the effect of opaque clouds [17]. 
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            In 1996 E. J. Anderson, explained the possibility of integrating a 1 MW 

infrared FEL with ship systems perspective and studied the factors affecting on the 

effectiveness of this system [18]. 

 

            In 1997 S. Zhengfang, studied and analyzed the effect of a number of 

atmospheric attenuation such as absorption, reflectivity and scattering on laser 

beam transmission of different types of laser (GaAs, YAG, HF, DF, and CO2), and 

found that the C02 laser is suitable for adverse weather conditions within a range of 

5 km, as well the DF laser is superior to all other lasers in propagation property, 

and is slightly inferior to the HF laser only at an emission altitude more than 10 

km. [19]. 

 

            In 2001 N. Ivan, studied the possibility of using the free electron laser as a 

weapon, and shows the effect of atmospheric attenuation (thermal blooming, and 

turbulence) on the laser beam power (1.5 MW), and also the number of targets that 

can be destroyed by this weapon [20]. 

 

            In the same year I. I. Kim and others, , studied the optical wireless 

communications and propagation of laser beam at 7850 A0 and 15500 A0 in fog 

and haze, it was found that in hazy weather (visibility > 2 km), the prediction of 

less atmospheric attenuation at 15500 A0 is most likely true.in foggy weather 

(visibility < 0.5 km), and the attenuation of laser light is independent of 

wavelength 7850 A0, 8500 A0, and 15500 A0 are all attenuated equally by fog. this 

same wavelength independence is also observed in snow and rain [21]. 

 

            In 2002 G. Dattoli and P. L. Ottaviani, Enables a detailed description of 

the free electron laser (especially linear regime and saturation) and put new         
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semi-analytical models of higher order Super Modes dynamics, high gain and 

harmonic generation mechanisms [22]. 

 

             In the same year X. Yaoheng and F. Hesheng, analyzed the range of the 

laser beam during its propagation in the atmosphere (Gaussian distribution), and 

explained the effect of atmospheric turbulence on it, in addition to the conclusion 

of a new form of the equation for the spread of laser beam [23]. 

 

            In the same year S. Krinsky, Explained basic principles for the operation 

of a free electron laser, and how to optimize the amplification process to get the 

best possible gain and the best performance [24]. 

       

             In 2006 C. Pellegrini, Enables the generation of free electron laser with 

wavelengths ranging between nanometer and short nanometer, and review the 

theoretical and experimental status of X-ray and Soft X-ray FELs [25].   

 

            In the same year D. COWAN, studied the effects of atmospheric 

turbulence on the propagation of flattened Gaussian optical beams, and explained 

the effective spot size of the flattened beam at the transmitter, then found and 

developed the first and second order moments of the Rytov approximation. That 

led to the conclusion an analytical expression for the scintillation index [26]. 

 

            In 2007 Z. Huang and K. Kim, studied the basic theory of the free 

electron lasers (FELs), and they explained a number of basic processes such as 

self-amplified spontaneous emission, the saturation of the high-gain, transverse 

coherence, temporal characteristics and harmonic content [27]. 
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            In 2008 M. Beshr and M. H. Aly, studied the effect of visibility range on 

the atmospheric attenuation of the outdoor wireless optical communication system. 

Then,  they explained the wavelengths effect (7800, 13x103 and 155x102 A0)on the 

atmospheric attenuation is also investigated [28]. 

 

            In 2009 M. A. Hussein, A detailed study of satellite communication was 

conducted, and explained a number of fundamental processes affecting the spread 

of the beam during the atmosphere, such as attenuation caused by tropospheric 

scintillation, meteorological conditions, frequency, antenna diameter and elevation 

angle on the magnitude of scintillation and it was a prediction method suggested to 

measure tropospheric scintillation on the earth-space path [29]. 

           

            In the same year L. Dordov´a and O. Wilfert, had a detailed study of 

optical signal(media) attenuation which was conducted, and a number of basic 

operations were shown during the spread of the beam through atmosphere layers 

such as optical intensity distribution, atmospheric turbulence, Rytov approximation 

and found that the turbulent atmospheric transmission medium using the 15500 A0 

wavelength is less attenuated than 8500 A0 wavelength [30, 31]. 

 

            In 2012 M. A. Abd Ali, made a detailed study of attenuation for different 

wavelengths (Free Space Optics) under different weather attenuating conditions 

(fog, rain and snow). it was found that the optimum wavelength is 155x105 A0 and 

provides a significant improvement in the performance as compared to other 

wavelengths [32]. 

 

            In the same year A. Alkholidi and K. Altowij, a detailed study of free 

space optics attenuation for different wavelengths (7800 A0, 8500 A0 and 15500 
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A0) under different weather attenuating conditions (fog, rain and snow) , and 

explained a number of fundamental parameters affecting on the spread of the beam 

during the atmosphere, such as scattering coefficient, atmospheric attenuation, 

beam divergence angle, absorption, transmitter and receiver diameter apertures and 

transmission range .It has been explained that the scattering occurs when the size 

of the molecule is less than the laser beam wavelength [33]. 

 

            In the same year M. Bakr and others, reviewed a design and numerical 

simulation of Terahertz FEL amplifier, the system was consisting of 1.6 cell 

photocathode radio frequency (RF) gun to get wavelength with the range about 

15𝑥105 𝐴0 − 34𝑥105 𝐴0, THz-wave parametric generator, focusing solenoid, 

transport line and 1.2 m long undulator with 30 periods. it was found that 1250% 

amplification could be achieved in the resonance of present design [34]. 

  

            In 2013 M. A. Abd Ali and M. A. Mohammed, made  a detailed study  of 

the optical signal in free space (FSO), and explained a number of weather 

parameters affecting on the spread of optical signal with  ranges (6500, 7850 and 

15500) A0, such as attenuation coefficient, receiver optical power, data transfer 

rate and link margin under the influence of the weather conditions, found that 

weather conditions such as (clear, haze, thin fog, light fog and heavy fog) effect on 

those wavelengths at different ways. Where it was able to improve performance by 

increasing the transmitted power and reduce the divergence angle of the laser beam 

[35]. 

 

             In the same year P. Pan, made a detailed study  of the turbulence theory 

by using the measurement of the scintillation index and the angle-of-arrival 

fluctuation, he was able to find the most influential factors in the turbulence, 
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namely the refractive index fluctuations 𝐶𝑛
2 and the inner scale of the turbulence 

[36]. 

 

            In the same year M. A. Shanshoul and others, made a detailed study  of 

atmospheric penetration factors for near infrared laser beam (9800 A0) performing 

as a carrier data in free space rainy atmospheric conditions, found that the 

outcomes have shown the importance of both condensed water as a factor with the 

main effect on the atmosphere attenuation which results from absorption and the 

aerosol and rain as factors with an effect on the laser beam attenuation according to 

the scattering concept [37]. 

 

            In the same year A. R. Jabbar and Others, studied the effect of the 

attenuation of the fog on the transmitted laser power and transmitter range 

(propagation distance) where they took five different values of transmitted laser 

power, They are (50 mW, 40 mW, 30 mW, 20 mW, 10mW) and calculate the 

maximum send range of each value of the values of the power transmitted under 

the effect of Fog attenuation of wavelength (15500 A0, 7840 A0), they found  that 

the attenuation fog increases, the less visibility, and the attenuation of fog when the 

wavelength (15500 A0) is less than the attenuation fog when the wavelength (7840 

A0), as well they found that attenuation Fog effects on the transmitted laser power 

through the atmosphere and thus will affect the range of the transmitter and the 

performance of the system in general [38]. 

 

            In 2014 M. A. Ali, studied the turbulence attenuation and their effect on 

optical beam in free space and analysis the atmospheric turbulence effect between 

two classical methods, Rytov approximation and Andrews's method and used the 

range of wavelengths 8500 A0 and 15500 A0 and  the distance between the 
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transmitter and receiver horizontal link set to value range (0 km -2 km), it was 

found that the wavelength 15500 A0 has the best signal to noise ratio compared 

with the wavelength 8500 A0 at the same strength of turbulence α and refractive 

index structure parameter 𝐶 𝑛
2  [39]. 

 

            In the same year L. Song and others, made a detailed study of the 

common factors affecting on the laser propagation in the atmosphere under 

complex weather conditions. It was found that  the optimum  , from simulation 

results found that in haze days the bit error rate (BER) renders linear change with 

the visibility and the dry snow has the greatest impact on the bit error rate in haze 

days the bit error rate is sensitive to the zenith angle, in moderate rainy days the bit 

error rate has an approximately linear correlation with the zenith angle, and the 

impact of heavy fog and moderate snow on zenith angle is very small [40].  

 

            In the same year A. N. Rashed and M. S. Tabbour, made a new study of 

the free space optics and submarine laser communications was conducted, and 

explained a number of fundamental processes affecting the spread of the beam 

during the atmosphere, such as optical path length, optical intensity fluctuations, 

the coefficient of Rayleigh scattering, temperature, wind speed, signal altitude over 

ground, and relative humidity variations. It was explained, increasing the signal to 

noise ratio and decreasing bit error rate and laser intensity, arrival angle 

fluctuations. Where  the signal to noise ratio changed when increasing optical link 

range, increased both bit error rate and laser intensity and angle of arrival 

fluctuations, and observed that the increased operating optical laser wavelength 

[41]. 

            In 2015 M. Firoozmand and M. Naser, studied the modeling and 

simulation of fading due of atmospheric turbulence that effect on the laser beam 
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like absorption, scattering, and turbulence this phenomenon will give rise to 

disorder on the amplitude, wavelength, and phase of the wave. The wave-front 

deviation and phase deviation are results of the atmospheric turbulence that causes 

fading of the beam from receiver aperture. The refractive-index incoherence 

(between transmitter and receiver) due to the atmosphere interplay, is the cause of 

turbulence, it was found that from the simulation that eddy sizes are more than 0.1 

km for weak turbulence and with increase 𝐶𝑛
2(The parameter of refractive-index 

structure) the eddy sizes will have decreased. Increased 𝐶𝑛
2 will have caused 

increased variance of refractive index [42]. 

 

            In the same year S. D. Mitri, proposed review which illustrates a new to 

the design of free electron laser, and analyze the relation between the output 

wavelength, exponential gain length, and electron beam brightness, it was 

extending the discussion to include the three dimensional effects of FEL and 

electron beam projected emittances [43]. 

 

            In 2016 S. A. Kadhim and Others, studied the spectrum attenuation of 

free space optical  communication systems operating at visible and near-infrared  

wavelengths (6500 A0 and 8500 A0) under fog and smoke, it was found that the 

selection of higher wavelength range for moderate to the dense fog conditions 

where V < 0.5 km, is not a suitable solution in order to mitigate the fog attenuation 

for free space optical communications [44]. 

 

            In 2017 R. Bonifacio and others, proposed a new design of sub-angstrom 

compact FLE source, it was used a Compton backscattering scheme to build the 

design to obtain very high beam quality [45]. 
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            In the same year T. Liu and Others, proposed a new design to maintain 

the superior features of the LPA beam and a transverse gradient undulator (TGU). 

it was using a compact scheme of the LPA beam to achieve high gain at a 

wavelength of 300 A0.It was explained the effect of strong focusing quadruples, 

the chromatic correction on the laser beam [46]. 

1.5 Aim of this Project  

1. Design a new model of free electron laser defenses system FELDS in 

infrared range with high out power to destroy any target (missile, aircraft) at 

range 70 Km of sea level. 

2. Calculation and analysis of the atmospheric effect (such as absorption, 

scattering, fog, rain, reflection index and beam diverges) on the laser beam. 

1.6 Outline of the thesis 
 

             The thesis is organized according to the following scheme. The current 

chapter (Chapter one) provides a brief introduction to the research topic and a 

statement of the motivations and objectives of the research and provides a survey 

of the literature of free electron laser and the effect of the atmosphere on the laser 

beam. Chapter two provides a theoretical framework of the research area. Chapter 

three includes a design of free electron laser defense system (FELDS) and 

calculating that affect parameter on the FELDS. The results and discussion are 

presented in chapter four. Chapter five contains the conclusions of calculating and 

Analysis of Atmospheric Effects on the Beam of High-Energy Laser, as well as 

recommendations for future works. 
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CHAPTER TWO 

 

THEORETICAL BACKGROUND 

 

2.1 Free Electron Laser Theory 

2.1.1 Introduction 

 

             At present, the laser is an essential application in various civilian 

and military fields.  Where, it is used in the medicine, industry, fiber optic 

communication, information technology, and consumer electronics. In the military 

application, it uses in the radar, guidance system of Rocket (bullet) and defense 

system. This is due to the laser's advantages as previously mentioned in chapter 

one[27]. In this work, a new model will be designed of free electron laser defenses 

system FELDS to destroy any target at range 70 Km of sea level. 

 

              Free electron laser (FEL) provides coherent radiation, with high power. 

Also, it can be obtained any wavelength up to ultraviolet and  x-ray wavelengths, 

by using electron gun with high energy. The difference between conventional 

lasers and Free-electron laser (FEL) is using the relativistic electron beam as a 

laser medium instead of the active laser medium in the FEL. As previously 

mentioned the main advantage of FEL is the tunability of the laser beam compared 

with chemical or CO2 lasers. Through this feature, it can change the laser 

wavelength to fit the application [47]. 
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2.1.2 Principle of the free electron laser (FEL) 
 

             To generate coherent radiation in a FEL by letting a relativistic electron 

beam pass through between plates of magnets, these plates are separated by few 

millimeters, this plate is called wiggler or '' undulator''. The Lorentz force effects 

on the electrons when they travel through the wiggler makes the electrons 

oscillating around the propagation axis. As a result of this oscillating, the emission 

of laser photon occurs. 

             The FEL oscillator includes four basic ingredients of an electron gun, 

electron accelerator, a static periodic magnetic-field (undulator( and an optical 

resonator as shown in figure (2.1)[48]. The interaction between these elements 

produces stimulation to oscillate within the optical resonator, and then grows to 

produce a coherent beam. 

 

Figure (2.1) The Basic Ingredients of FEL [48]. 

 

  The accelerator produces an electron beam traveling at relativistic speeds 

near the light speed. The electron beam is accelerated by an accelerator to approach 

the speed of light, and then the beam moves toward the wiggler and experiences 
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regular transverse accelerations due to the periodic magnetic field strength and 

direction. As the electrons pass from the influence of one magnetic element to the 

next, the magnetic field bends its paths, causing them to accelerate and emit 

radiation. Produced by this stimulated emission of radiation is at a wavelength (λ).  

  From resonance condition, in  the undulator, the  laser wavelength it can be 

determined as in equation [43,49]: 

 
𝜆 = 𝜆𝑚 (

1

2𝛾2
+

𝐾2

4𝛾2
) 

(2.1) 

Where (𝛾) the relativistic Lorentz-factor:  

 𝛾 = 𝐸𝑏𝑒𝑎𝑚/𝑚𝑒𝑐2 (2.2) 

Where (𝐸𝑏𝑒𝑎𝑚) is the electron beam energy, (𝑐) is the speed of light 

equals 3𝑥108 𝑚/𝑠𝑒𝑐, (𝑚𝑒) electron mass equal 9.1𝑥10−31 𝑘𝑔. And (𝐾) the 

undulator parameter is determined by: 

 
𝐾 =

𝑒 𝐵𝑤 𝜆𝑚

2𝜋 𝑚𝑒𝑐
=  0.934 𝐵𝑤 𝜆𝑚  

(2.3) 

 Where (𝜆𝑚) the undulator period length in the unit of centimeter, 𝐵𝑤 is the 

intensity of magnetic field of undulator in the unit of Tesla. 

  The number of undulator periods (𝑁𝑢) at distance (𝑍𝑤) a long undulator 

can be determined by [47]: 

 
𝑁𝑢 =

𝑍𝑤

𝜆𝑚
 

(2.4) 

             From the relation between wavelength and electron energy (𝜆 ∝
1

𝐸𝑏𝑒𝑎𝑚
2), it 

can be tuning the wavelength over a wide range with the small modification to the 
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energy of the electron, when the electrons and the radiation propagate through the 

undulator, the laser power out from undulator (𝑃𝑧), can be determined by the 

following equation [45,47,50]: 

 𝑃𝑧 = 𝑁𝑃𝐻𝑃0 𝑒𝑍𝑤/𝐿𝐺 < 𝑃𝑠𝑎𝑡 (2.5) 

Where (𝑁𝑃𝐻) the number of coherent photons per electron as expressed in 

equation 2.7,(𝑃𝑠𝑎𝑡) the power after passing a distance (𝑍𝑤) through the undulator, 

(𝐿𝐺) the gain-length which expressed in the equation 2.9 [50]. And (𝑃0) is the 

initial power is the integrated shot noise incoherently radiated into the dominant 

growing mode by the electrons passing through the first gain length, the initial 

power can be determined by equation [51,52]: 

 
𝑃0 =

1

9

𝜒2𝑐 𝐸𝑏𝑒𝑎𝑚

𝜆
 

(2.6) 

 

 
𝑁𝑃𝐻 =

𝜒 𝐸𝑏𝑒𝑎𝑚

 𝐸𝑃ℎ
 

(2.7) 

Where (𝐸𝑃ℎ) the photon energy can be determined by: 

 
𝐸𝑃ℎ =

ℎ 𝑐

 𝜆
 

(2.8) 

 

 
𝐿𝐺 =

𝜆𝑚

4 𝜋 √3 𝜒
 

(2.9) 

 Where (𝜒) is the scaling parameter of FEL where values of (𝜒) change 

from (10−2 − 10−3) and  less for a visible or ultraviolet and defined as [43, 

46,51]:   
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𝜒 = √(
𝑎𝑤 𝑤𝑝

4𝛾 𝑤𝑐
 𝐹(𝑘))

2
3

 

 

(2.10) 

Where (𝑎𝑤) the dimensionless vector potential of the undulator, 𝑤𝑝 is the 

plasma frequency of the beam and  𝐹(𝑘) is undulator-radiation coupling factor. 

which are expressed in the equation 2.12, 2.13 and 2.16 respectively and (𝑤𝑐) is 

the central-frequency of the emitted radiation and defined as: 

 
𝑤𝑐 =

2𝜋𝑐

𝜆
 

(2.11) 

 

 𝑎𝑤 = 0.66 𝐵𝑤  𝜆𝑚 (2.12) 

 

 

𝑤𝑝 = √
4 𝜋 𝑛𝑒  𝑟𝑒 𝑐2

𝛾
 

 

(2.13) 

 Where (𝑛𝑒) is the electron beam density, it is expressed in the equation 

 
𝑛𝑒 =

𝐼𝑏𝑒𝑎𝑚

2𝜋𝑒𝑐(𝜎𝑥𝜎𝑦)
 

(2.14) 

Where (𝐼𝑏𝑒𝑎𝑚) is the beam current, (𝜎) is the initial beam size, (𝑒) is the 

electron charge equal 1.6𝑥10−19 coulombs , (𝑟𝑒) is the classical radius of the 

electron defined as [43,46,51]: 

 
𝑟𝑒 =

1

4𝜋𝜖0

𝑒2

𝑚𝑒𝑐2
= 2.817𝑥10−15𝑚 

(2.15) 
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𝐹(𝑘) is the undulator-radiation coupling factor and 𝐽0, 𝐽1 are Bessel’s functions . 

 

 
𝐹(𝑘) = 𝐽0 (

𝐾2

(2 + 4𝐾2)
) − 𝐽1 (

𝐾2

(2 + 4𝐾2)
) 

(2.16) 

              

The saturation power (power after passing a distance (𝑍𝑤) through the 

undulator) is given by [45,46]: 

 𝑃𝑠𝑎𝑡 = 𝜒 𝑃𝑏𝑒𝑎𝑚 (2.17) 

Where (𝑃𝑏𝑒𝑎𝑚) is the electron beam power and it is given by  

 𝑃𝑏𝑒𝑎𝑚[𝑀𝑊] = 𝐸𝑏𝑒𝑎𝑚[𝑀𝑒𝑣] 𝐼𝑏𝑒𝑎𝑚 [𝐴] (2.18) 

 

2.1.3 Undulator 

             The undulator is a mechanical structure consisting of periodic magnets 

with alternating poles, separated by a distance called (gap). These magnets are 

made of magnetic material pure permanent magnetic (PPM). The mechanical 

structure cause’s a synchronous radiation. Here used a magnet block of samarium - 

cobalt (Sm-Co) with dimensions (w=74mm, h=26mm, t=10.5mm) and atomic 

number for samarium and cobalt is (62,27) respectively and Atomic mass is 

(150,59), which has a strong resistance to corrosion, oxidation resistance and it can 

be widely used in high temperature. While the physical properties of samarium-

cobalt (Sm-Co) magnets show in Table 2.1 [43,53]. 
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Table 2.1 The physical properties of samarium - cobalt (Sm-Co) magnets [53]. 

Property Unit Value 

 Magnetic field intensity Tesla 0.82-1.16 

Coercive force (magnetic coercivity ) MA/m 0.493–1.59 

Relative permeability / 1.05 

Temperature coefficient of magnetic field  (%/K) −0.03 

Temperature coefficient of magnetic coercivity (%/K) −0.15 To –0.30 

Curie temperature  (°C) 800 

Density  (g/cm3) 8.2–8.4 

Modulus of rupture (bend strength )  (N/mm2) 150 

Compressive strength  (N/mm2) 800 

Tensile strength  (N/mm2) 35 

Electrical resistivity  (Ω·cm) 86×10−6 

 

The relation between the magnetic field of undulator (𝐵𝑤) , undulator gap (𝑔𝑤) and 

undulator period length (𝜆𝑚) can be expressed in the equation [43]: 

 
𝐵𝑤 = 4.22 exp [−

𝑔𝑤

𝜆𝑚
(5.08 + 1.54 

𝑔𝑤

𝜆𝑚
)] 

(2.19) 

 

2.1.4 Electron beam Injector 

The electron injector gun is basically a photocathode that extracts electrons 

from a metal surface via the photoelectric effect. The electrons emitted from the 
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injector are accelerated to relativistic velocities (nearly the speed of light) by an 

electron accelerator. Here we used the beam parameters of the Laser Plasma 

Accelerators (LPA) facility in SIOM as shown in Table 2.2 [46,54]. 

Table 2.2 The parameters of the LPA beam for SIOM facility [46,54]. 

Parameter Symbol Value Unit 

Energy of electron beam  𝐸𝑏𝑒𝑎𝑚 380 Mev 

Charge    Q 80 pC 

Beam divergence  𝜎𝑥,𝑦
′  0.1-1 mrad 

The electron beam sizes in x directions 𝜎𝑥 200 𝜇𝑚 

The electron beam sizes in y directions 𝜎𝑦 400 𝜇𝑚 

Normalized emittance in x directions 𝜀𝑥 0.72 𝜇𝑚 

Normalized emittance  in y directions 𝜀𝑦 0.53 𝜇𝑚 

Energy spread 𝜎𝛿 1% / 

Beam current 𝐼𝑏𝑒𝑎𝑚 5.4 kA 

 

2.1.5 Optical Cavity 

              The optical resonator (optical cavity) used for amplifying the light by 

using mirrors. The oscillator free electron laser system consists two mirrors the 

first one (R1) have reflection one hundred percentages and high reflective for 

another mirror (R2). We use concave mirrors with (R1=100%, R2 = 98%), separated 

by a distance(𝐿𝑐) . The laser resonator configuration show Figure 2.2 [55].  
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Figure 2.2 shows a typical laser resonator configuration for FEL [55]. 

2.1.6 The Resonator Stability condition 

              The Resonator stability condition is very important, must be calculated to 

maintain the stability of the resonator and grow amplification. The values of R1, 

R2, and Lc determine the stability of resonators, where the radiation coherent is 

produced by a periodic refocusing of the intra-cavity. If the cavity is unstable, the 

beam size will grow without limit, eventually growing larger than the size of the 

cavity mirrors and being lost. The stability of resonator for different types of 

resonators show in Figure 2. It is possible to calculate the stability criterion by 

using the equation below[56]: 

 
0 < (1 −

𝐿𝑐

𝑟1
)(1 −

𝐿𝑐

𝑟2
) < 1 

(2.20) 

 Where 𝑔1 = (1 −
𝐿𝑐

𝑟1
), 𝑔2 = (1 −

𝐿𝑐

𝑟2
) (where 𝑔1, 𝑔2 is Parameters resonator 

stability) and 𝑟1, 𝑟2 the radius of curvature for mirror one and two respectively. 

 

𝑳𝒄 

Fully Reflecting 

Mirror 

Partially Reflecting 

Mirror  

Undulator 
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Figure 2.3 shows the diagrams of stability and the radiation pattern inside 

each cavity for different types of the resonator [56]. 

 Finally, the power of free electron laser defenses system FELDS (out power 

from the mirror) that amplified by the mirror can by calculated by: 

 𝑃𝑚 = 𝑃𝑧 𝑅1 𝑅2 𝑒
2𝐿𝑐 (𝐺−∀) (2.21) 

Where 𝐺 and ∀ is the laser gain and losing parameter respectively, the 

mirror losing is determined by ∀=
1

𝐿𝑐
𝐿𝑛 

1

√ 𝑅1 𝑅2 
 [2]. 
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2.1.7 Gaussian Distribution 

The power density of  laser beam  varies depending on the distance or range 

of targets which is estimated about 70 Km of sea level. The distribution of 

irradiance in the near field have been as Gaussian distribution and expressed by the 

following equation [57]: 

 

𝐼(𝑟,𝑧) = 𝐼0 [
𝑤0

𝑤(𝑧)
]

2

𝑒

−2𝑟2

𝑤(𝑧)
2

 

(2.22) 

Where  (𝐼0) is the irradiance at the center of the beam waist (z = 0), it 

reaches to (1/e2) of the maximum value of r is the radial-distance from the optical 

axis, z is the distance along the optical axis, (w(z)) is the radial distance. The ideal 

Gaussian beam show in Figure 2.4 [57]. 

 

Figure 2.4 shows the ideal Gaussian beam from plot of the w(z) values as a 

function of z [57]. 

2.1.8 Rayleigh length  

              In laser science, the Rayleigh-length is an important parameter which is 

defined as a distance where the curvature of the beam has reached a minimum, or 

as a distance along the propagation direction of a beam from the waist to the place 

where the area of the cross section is doubled. The Rayleigh length 𝑍𝑅 and optimal 

waist radius 𝜔0 of a Gaussian beam are related to the radiation wavelength 𝜆 and 

the undulator period length 𝜆𝑚 by an equation below [2,20]: 
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𝑍𝑅 = √
𝑔1𝑔2(1 − 𝑔1𝑔2)𝐿𝑐

2

(𝑔1 + 𝑔2 − 2𝑔1𝑔2)2
 

(2.23) 

 

𝜔0 = √
𝜆 𝑍𝑅 

𝜋
 

(2.24) 

With Note, the beam expands up to(𝜔0√2) at the end of undulator, the beam 

cross-section (𝐴𝑏𝑒𝑎𝑚) is defined as: 

 𝐴𝑏𝑒𝑎𝑚 = 2 𝜔0
2 (2.25) 

The beam spots are much wider in the resonator mirrors. The beam spot size that is 

out from mirror  d(mirror) can be determined by the equation [2]: 

 

𝑑𝑚𝑖𝑟𝑟𝑜𝑟 = 𝑑0√[1 + (
𝐿𝑐

2 𝑍𝑅
)

2

] 

(2.26) 

                Where 𝑑0 is the diameter of beam waist and equals to 2𝜔0, 𝐿𝑐 is the 

length of the optical resonator (the distance between two mirrors) and 𝑍𝑅 is 

Rayleigh - length. 

2.1.9 M2 factor  

             The output beam from free electron laser is not actually Gaussian. The 

quality-factor (𝑀2) is used to measure the difference between an actual beam and 

a theoretical Gaussian. In the ideal case, the laser beam is exactly Gaussian beam 

when  𝑀2 = 1 , but not exactly Gaussian when its value of  𝑀2  > 1 . The quality-

factor 𝑀2can be calculated by using Rayleigh length as shown in the following 

equation [58,60]: 

 
𝑀2 =

𝜋 𝜔0
2

𝑍𝑅  𝜆
 

(2.27) 
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2.2 Standard Atmosphere Modeling 

              The atmosphere is divided into five layers based on temperature changes 

with height. These changes are due to solar energy absorption by atmospheric 

molecules, it moves downward through the atmosphere, the first layer is called the 

troposphere, this layer extends from 0 km to 11 km, it contains 78.09 % Nitrogen 

gas, the temperature degree decreases with altitude. 

 The second layer is called the stratosphere, this layer extends from the 

altitude 11 km to 50 km, it contains Oxygen 20.95%, it can be divided according to 

temperature changes with height;  

 From 11 km to 20 km the temperature remains constant with increasing 

height. 

 From 20 km to 32 km the temperature degree start increasing with altitude, 

this increase occurs because the Ozone gas (O3) absorbs ultraviolet radiation 

(the short wavelengths) coming from the sun, the ozone (O3) protects us from 

ultraviolet radiation which can cause sunburn and cancer. 

 From 32 to 47 km temperature increases with altitude at a constant rate.  

 From 47 to 50 km the temperature decreases with altitude. 

 The Third layer is called the Mesosphere, this layer extends from 50 Km to 

80 Km, it contains Argon gas 0.93%. The Fourth layer is called the 

Thermosphere, this layer extends from 80 km to 700 km, it contains Carbon 

Dioxide 0.039%. The Fifth layer is called the Exosphere, this layer extends from 

700 km to 10,000 km, in this layer the water vapor constitutes a proportion 0.4 - 

1 %. Table 2.3 shows the temperature changing rate as a function with various 

altitudes. To calculate the amount of temperature 𝑇𝐴, pressure 𝑃𝐴 and density 𝜌𝐴 
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as a function of the altitude, the Standard-of-Atmosphere model can be used. The 

temperature degree at  any altitude is given by below equation [61-64]:  

 𝑇𝐴 = 𝑇base + 𝑅𝐴 𝐿𝑟𝑎𝑡𝑒 − 𝑅𝑏𝑎𝑠𝑒  𝐿𝑟𝑎𝑡𝑒 (2.28) 

 

  Where (𝑇base) the temperature at the base of the layer, (𝐿𝑟𝑎𝑡𝑒) is the 

change in temperature rate, 𝑅𝐴 the Altitude in meters, 𝑅𝑏𝑎𝑠𝑒  is the altitude at the 

base of the layer in meters. The pressure at the troposphere can be calculated by: 

 
𝑃𝐴 =

𝑃base

[1 − 0.0065 
𝑅𝐴

𝑇base 
]

−5.2561 
 

(2.29) 

 

 Where (𝑃base ) is the Pressure at the base of the layer, the unit of  𝑇base  is 

Kelvin and 𝑅𝐴 in meters. The pressure above the troposphere can be calculated by:  

 
𝑃𝐴 =  𝑃base exp [

−𝑔𝑅𝐴 + 𝑔𝑅𝑏𝑎𝑠𝑒

𝑟𝑔𝑎𝑠 𝑇base 
] 

(2.30) 

   

Where (𝑟𝑔𝑎𝑠) is the real gas constant for air (287.04 𝑚2/𝐾. 𝑠𝑒𝑐2), g is  

acceleration of gravity (9.8 𝑚/𝑠𝑒𝑐2). From the equation of the temperature, 

pressure and the density in the altitude 𝑅𝐴 can be calculated from the perfect gas 

equation [61-64]: 

 
𝜌𝐴 =

𝑃𝐴

𝑟𝑔[𝑇base + 𝑅𝐴 𝐿𝑟𝑎𝑡𝑒 − 𝑅𝑏𝑎𝑠𝑒  𝐿𝑟𝑎𝑡𝑒]
 

(2.31) 
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Table 2.3 shows the temperature changing rate as a function with various 

altitudes [64]. 

𝑅𝐴 the altitude in (km)  𝐿𝑟𝑎𝑡𝑒(K/km) 𝑇base (K)  

0 -6.5 288.150 

11 0 216.650 

20 +1 216.650 

32 +2.8 228.650 

47 0 270.650 

50 -2.8 270.650 

70 -2 217.450 

 

2.3 Atmospheric Attenuation 

  When the laser beam is spread through the atmosphere, its intensity will 

undergo various attenuation processes as a result of its interaction with the air 

molecules and water vapor, causing a loss in the power of the laser beam. The laser 

beam path changes as a result of the difference in the refractive index between the 

layers of the atmosphere. 

In this section, a detailed review of all laser beam attenuation processes will 

be performed as the beam moves from source to targets, such as scattering and 

turbulence.  



CHAPTER TWO                                                                                                      THEORETICAL BACKGROUND  

 
01 

2.3.1 Scattering Attenuation 

              Atmospheric scattering occurs due to the interaction between laser beam 

with the atoms and the molecules of the air, the scattering coefficient leads to 

create an angular redeployment of the radiance component. The atmospheric 

scattering coefficient (𝛽𝑆𝑐) in unit (1/𝑘𝑚) can be determined by equation 

[43,63,66]: 

 
𝛽𝑆𝑐 =

3.912

𝑅𝐴
[
5500

𝜆 
]

𝑉

 
(2.32) 

Where λ is laser wavelength in angstrom (λ = 9731 A0), The value of (𝑉) 

depends on the range of laser beam, as shown below[44,65,67]. 

 𝑉 = 0.585(𝑅𝐴)1/3           𝑓𝑜𝑟 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒   (𝑅𝐴 ≤ 6 𝑘𝑚) 

 𝑉 = 1.3                              𝑓𝑜𝑟 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒   (6 𝑘𝑚 < 𝑅𝐴 < 50 𝑘𝑚) 

 𝑉 = 1.6                              𝑓𝑜𝑟 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒   (𝑅𝐴 > 50 𝑘𝑚) 

 

2.3.2 Snow Attenuation 

    The attenuation affected by the snowflake size and snowfall rate. The size 

snowflakes are larger than a raindrop, so it causes the significant loss in the laser 

power. However, the size of snowflake can reach to 20mm, this is an obstacle to 

the laser beam path as compared to the width of laser beam.   

        The snow-attenuation can be classified into dry snow attenuation and wet 

snow attenuation. The snow attenuation coefficient (𝛽𝑆𝑛) in unit (1/𝑘𝑚) can be 

determined by equation [40,69]: 

 𝛽𝑆𝑛 = 𝑎𝑆𝑏 (2.33) 
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              Where S is the snow rate in millimeters/hour,  (𝑎) and (𝑏) is the value of 

dry and wet snow, it's given by relation below:  

For wet snow (altitude < 0.5 Km): 

 𝑎 = 1.023 𝑥10−5 𝜆 + 3.785 𝑎𝑛𝑑 𝑏 = 0.72 (2.34) 

For dry snow (altitude ≥ 0.5 Km): 

 𝑎 = 5.42 𝑥10−6 𝜆 + 5.495 𝑎𝑛𝑑 𝑏 = 1.38 (2.35) 

where the wavelength of laser 𝜆 in Angstrom (A0). 

2.3.3 Rain Attenuation 

             The large rain droplets can cause losing in laser power, the attenuation of 

rainfall increases linearly with rainfall rate. The rain attenuation coefficient 

(𝛽𝑟𝑎) in unit (1/𝑘𝑚) can be determined by equation [40,69]: 

 𝛽𝑟𝑎 = 1.076 𝑅𝑟𝑎
0.67 (2.36) 

where 𝑅𝑟𝑎 is the rainfall rate in millimeters/hour. 

2.3.4 Atmospheric Turbulence 

             Atmospheric turbulence occurs as a result of the random change of 

temperature in the successive atmosphere layers. This change in temperature leads 

to changes in density, and as a result, the refractive index changes and the laser 

beam deviates at a certain angle from its original path according to the SNELL law 

[42]. 

2.3.4.1 Air Refractive-Index 

               The refractive-index is generated by changes in density or change in the 

temperature of air in the atmosphere layers. Where the refractive-index of the 
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atmosphere is a function of temperature, pressure, and wavelength. The  refractive 

index can be calculated by [62]: 

 
n = [1 +

77.6 x10−6 𝑃𝐴

𝑇𝐴
 ] [1 +

7.53x105

λ2
] 

(2.37) 

2.3.4.2 Index of refraction structure factor 𝑪𝒏
𝟐  

             Another important parameter is the refractive structure factor 𝐶𝑛
2 (m-2/3) 

defined as the mean-square difference in the refractive index at two locations 

divided by the scalar distance 𝑟 raised to the 2/3 power. The 𝐶𝑛
2 used to determine 

the strength of the turbulence in the atmosphere layers. The first amount of 

theoretically parameterized has been measured at several locations worldwide was 

Andrey Kolmogorov. The theory of Andrey Kolmogorov statistical methodology is 

used in characterization of the kinetic energy flow from large-scale eddy (ten of 

meters) to small-scale eddy (centimeter) in size. Eddy is a range of sizes relatively 

homogeneous and isotropic within smaller regions of space. Kolmogorov 

determined the value of turbulence in the different altitudes by using the following 

relation[30,42,70,71]:  

 
𝐶𝑛

2 =
〈(𝑛2 − 𝑛1)2〉

𝑟𝑖
2/3

 
(2.38) 

Where 𝑟𝑖 represents a scalar distance between areas. 

Table 2.4 shows the value of refractive structure factor 𝐶𝑛
2 for various 

atmospheric conditions [30,42,70,71]. 

𝐶𝑛 
2  (𝑚− 

2
3) 

Atmospheric turbulences 

𝐶𝑛 
2 ≥ 10−12 Strong-Turbulence 
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10−12 > 𝐶𝑛 
2 > 10−17 Medium-Turbulence 

𝐶𝑛 
2 ≤ 10−17 Weak-Turbulence 

 

2.3.4.3 Fried Parameter r0 

             Another important value is used to describe the turbulence of the beam 

propagation in the atmosphere layers called the Fried-Parameter(𝑟0), which 

represents the Coherence diameter in atmospheric. The 𝑟0 parameter is a circular 

diameter of the laser beam which preserves coherence in the propagation-distance. 

If the value of 𝑟0 is lower, it means a stronger turbulence, and vice versa. The 

Fried-parameter (𝑟0) depends on Index refraction structure parameter (𝐶𝑛
2), the 

wavelength of laser (λ) and the distance to the target, the value of 𝑟0 can be 

calculated by the equation [70]: 

 

𝑟0 = 0.33 𝜆6/5 [𝑅𝐴

3
5 (

[(𝑛2 − 𝑛1)2]

𝑟𝑖

2
3

)]

−3/5

 

(2.39) 
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CHAPTER THREE 

Design and Simulate of Free Electron Laser Defenses System 

FELDS 

3.1 Introduction  

 

   In this chapter, a new model of free electron laser defenses system FELDS 

is designed in infrared range with high out power to destroy any target (missile, 

aircraft) at range 70 Km.  

Through simulation, the atmospheric effect on the laser beam (such as absorption, 

scattering, fog, rain, reflection index and beam diverges) was analyzed and 

calculated. 

3.2 The Design of FELDS 

 

             The design of any defense system requires knowledge of the characteristics 

of the target, the altitude of the target and its movement whether directed towards 

the defense system or away. As long as the target is defined as a missile or aircraft, 

many factors affecting on the attenuation of the laser beam must be calculated in 

order to determine the amount of the power of FELD and the lost power in the 

atmosphere. All these factors, as well as other factors will be explained in detail in 

this chapter.       

             A new free electron laser defenses system FELDS was designed as shown 

in Figure 3.1 and 3.2. In this design, the undulator period length about (5.6 cm), 

undulator gap (15.61 mm), undulator magnetic field intensity (1.1541 Tesla) and 
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using electron energy beam (380 MeV), all these parameters was calculated to 

obtain a laser beam with wavelength (9731 A0) based on Eq. (2.1) – (2.3). 

 

The laser power depends on the electron energy beam, undulator length and 

the power amplifier by the resonator. So to reach power (15.49 GW), will be used 

an undulator with length (2.5 m) based on Eq. (2.5) to Eq. (2.18). All the basic 

information and parameters of the FELDS design are shown in the table. 

 

 

Figure 3.1 shows the FELDS design. 

Undulator period length 

Magnetic field of Undulator 

(𝑩𝒘) 

Mirror 1 

Reflectivity =98% 

N N N N N N N 

S S S S S S S 

λm 

Reflectivity =100% 

Electron beam energy (𝑬𝒃𝒆𝒂𝒎) 

Laser beam  

Lc = 8.2 m 

Mirror 2 

Injector Electron Accelerator 

Electron beam 

dump 

Undulator 

gab (𝒈𝒘)   

=2.5 mwZ 

Undulato

r 
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Figure 3.2 shows the mechanism of FELDS. 

Table 3.1 shows the parameters of FELDS.  

Parameters Amount Unit 

Electron beam energy (𝐸𝑏𝑒𝑎𝑚) 380 MeV 

Radiation wavelength (λ) 9731 A0 

Undulator period length (𝜆𝑚) 5.6 cm 

Magnetic field of undulator (𝐵𝑤) 1.1541 T 

Undulator gap (𝑔𝑤) 15.61  mm 

Undulator parameter  (𝐾) 6.036 / 

FEL parameter  (𝜒) 1.51𝑥10−3 / 

Power gain length  (𝐿𝐺) 1.69  m 

 The saturation power (𝑃𝑠𝑎𝑡) 3.11 GW 

Laser power (𝑃𝑍) 9.4 kW 

Undulator Length (𝑍𝑤) 2.5 m 

Relativistic factor  (𝛾) 743.63 / 

Number of undulator period (𝑁) 44 / 

Number of electron in beam (𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛) 451474 / 

lens 

Rr =70 km  

PDs= 388000 Watt 

𝑃actual= 384551 Watt 
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3.3 The Design of Resonator 

  

The design of FELDS resonator contains two mirrors separated by a distance 

equal to (8.2 m), each mirror has radius (4.11 m). The reflectivity of the first mirror 

(100%) and the second mirror (98%) in order to obtain power about (15.49 GW). 

Table 3.2 shows the optical resonator (optical cavity) parameters of the free 

electron laser FELDS, these parameters were calculated based on Eq. (2.20) to Eq. 

(2.26).   

Table 3.2 shows the optical resonator (optical cavity) parameters of 

FELDS. 

Parameters Amount Unit 

Mirror material Au/Cu  

Distance between two mirrors   (𝐿𝑐) 8.2 m 

The reflectivity of mirrors    (𝑅1) 100 % / 

The reflectivity of mirrors    (𝑅2) 98 % / 

the radius of mirrors (𝑟1, 𝑟2) 4.11 m 

Resonator stability (𝑔1) -0.995 / 

Resonator stability (𝑔2) -0.995 / 

Resonator stability(𝑔1 𝑔2) 0.99 / 

Rayleigh length (𝑍𝑅) 20.2 cm 

waist radius (𝜔0) 0.25 mm 

Beam radius (𝑑𝑚𝑖𝑟𝑟𝑜𝑟) 10.15 mm 

The quality-factor (𝑀2) 0.998 / 

The gain parameter (𝐺) 1 𝑚−1 

Losses parameter (∀) 0.126  𝑚−1 

laser power at mirror (out power)  (𝑃𝑚) 15.49 GW 
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In order to simulate the defense system, and estimate the parameters of that 

system, a special program was established using the language visual basic software 

2010, which contains many parameters as shown in Fig 3.3. 

  

Figure 3.3 shows the design of FELDS program.  

3.4 Calculating the affect parameter on the FELDS  

               In this section, basic equations will be presented to estimate the 

atmosphere effect on the FELDS power. Also, the important parameters were 

presented to calculate the power needed to destroy the target. 

3.4.1 The reached power 

The power of the laser beam undergoes various attenuation processes as it 

passes through the different atmospheric layers as described in the previous 

chapter. The power of the FELDS reaching the target was calculated based on 

Beers-Lambert Law as shown in eq. (3.1) [70]. 
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 𝑃𝐷𝑠 = 𝑃𝑚 𝑒−𝛽𝑅𝑟  (3.1) 

Where (𝑃𝐷𝑠) is the laser power on target, (𝑃𝑚) is the laser power at mirror 

(real power), (𝛽) is the total attenuation (rainy, scattering, snowfall) in (1/km) , 

(Rr) is the target range in (km) [35,72,73]: 

 𝛽 = 𝛽𝑆𝑐 + 𝛽𝑠𝑛 + 𝛽𝑟𝑎 (3.2) 

3.4.2 The Extra Distance of Target 

Although the laser beam moves at the speed of light and thus greatly limits 

target maneuverability, this feature is very important and is not available in 

conventional weapons. But in order to locate the target with high accuracy the 

extra distance (𝐷𝑡𝑎)  of the target must be calculated. 

                 The extra distance (𝐷𝑡𝑎) represents the distance traveled by the target 

during the time period between the moments of launch of the laser beam from the 

FELDS to the moment it falls on the target. It can be calculated by: 

 
𝐷𝑡𝑎 =

𝑣𝑡𝑎 𝑅𝑟

𝑐
 

(3.3) 

Where 𝑣𝑡𝑎 the speed of the target in m/sec, (𝑅𝑟) the range of target in mater, (𝑐) 

the speed of light equals to 3𝑥108 𝑚/𝑠𝑒𝑐 and the (𝐷𝑡𝑎) distance in mater [18]. 

3.4.3 Laser Beam Divergence  

              The turbulences in atmospheric layers have an effect on the spot size of 

the laser beam. The Free electron laser beam can be accurately modeled as a 

Gaussian beam, the increase in spot size is called Beam Divergence (𝛿). It  can by 

calculated by the equation [70]:  

 
𝛿 =

λ 𝑅𝑟

𝜋 𝑑𝑚𝑖𝑟𝑟𝑜𝑟  
 

(3.4) 
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3.4.4 The Power Needed and Target Characterization  

               The amount of the power needed to destroy any target is determined by 

the total energy delivered per unit area (F). It’s depended on several factors such as 

the dwell time (the time that a laser beam spends on a target), the properties of the 

target material and the thickness of skin target. The intensity (Γ), on the target is 

defined as [19,29,54]:  

 

 
Γ =

𝑃𝑇𝑚

𝐴
 

(3.5) 

Where (𝑃𝑇𝑚) the power needed for destroying the target is made from steel 

or aluminum without the reflectivity, (A) is the cross sectional area of the beam 

spot on the target expressed by equation (3.6). (F) on target is obtained from the 

time integral of the intensity [20,30,55]: 

 
𝐴 =

𝜆 2𝑅𝐴
2

𝜋 𝜔𝑟
2

 
( 63. ) 

 
𝐹 = ∫ Γ 𝑑𝑡

𝑡

𝑜

=
𝑃𝑇𝑚𝑡𝑖𝑛

𝐴
 

( 73. ) 

From Eq. 3.5 and Eq. 3.6 and Eq. 3.7 can get  

 
𝐹 =

𝑃𝑇𝑚𝑡𝑖𝑛𝜋 𝜔𝑟
2

𝜆2𝑅𝐴
2  

(3.8) 

Where (𝑡𝑖𝑛)  the dwell time (in this work (𝑡𝑖𝑛 = 3 sec )) and (𝜔𝑟) is radius of laser 

beam spot. 
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             The total energy required (𝐸𝑡) to heat a certain section from target up to 

the melting or vaporizing point can be determined from the equation: 

 

 𝐸𝑡 = 𝐴𝜌𝑚𝑑𝑡[𝐶(𝑇𝑚 − 𝑇𝑅) + 𝐿𝑚 + 𝐶(𝑇𝑚 − 𝑇𝑣) + 𝐿𝑣] (3.9) 

 

where (𝜌𝑚) is the density of material, (𝑑𝑡) is the thickness of the material, (𝐶) is 

the target specific heat capacity, (𝑇𝑚) is melting-point of target material, (𝑇𝑅) is 

the temperature of the target at altitude 𝑅𝐴 , (𝐿𝑚) is latent heat of melting of target 

surface, (𝑇𝑣) is the target vaporizing point, is (𝐿𝑣) Latent-heat of vaporizing of 

target surface.  

 

  Table 3.3 illustrates the thermal properties of target metals. So, the energy 

per unit area (F) to destroy the target is: 

 

 
𝐹 =

𝐸𝑡

𝐴
= 𝜌𝑚𝑑𝑡[𝐶(𝑇𝑚 − 𝑇𝑅) + 𝐿𝑚 + 𝐶(𝑇𝑚 − 𝑇𝑣) + 𝐿𝑣] 

(3.10) 

 

From equating equation. 3.8 and 3.10 we can get (𝑃𝑇𝑚) the power needed for 

destroying the target:  

 

 
𝑃𝑇𝑚 =

𝜆2𝑅𝐴
2𝜌𝑚𝑑𝑡 

𝑡𝑖𝑛𝜋 𝜔𝑟
2

 [𝐶(𝑇𝑚 − 𝑇𝑅) + 𝐿𝑚 + 𝐶(𝑇𝑚 − 𝑇𝑣) + 𝐿𝑣] 
(3.11) 
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Table 3.3 Thermal properties of target metals [20]. 

Parameter  Missile Aircraft  

Velocity 𝑣𝑡 (m/s) 800-5250 50-350 

Surface Material Steel Aluminum 

Surface Thickness 𝑑𝑡 (cm) 0.1-0.3 0.1-0.3 

the-specific heat capacity C (J/gm.C0) 0.452 0.91 

Melting point 𝑇𝑚  (C0) 1425 660 

Vaporizing point 𝑇𝑣 (C0) 2971 2467 

Latent Heat of Melting 𝐿𝑚 (J/gm) 250 321 

Latent Heat of Vaporizing 𝐿𝑣 (J/gm) 6200 10500 

Density 𝜌𝑚 (gm/cm3) 7.87 2.70 

Mass m (gm) 14.75 5.06 

 

 

3.4.5   The Reflectivity of Skin’s Target      

Reflectivity is one of the greatest challenges to the development and 

proliferation of laser weapons systems, where most laser beam power is reflected 

when it falls on the surface of the target.  

As the target surfaces (missile or aircraft) are made of steel or aluminum, 

which have a high reflectivity for the laser beam, so the laser beam will lose about 

90% of its total power [20,30,55].  
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The actual power (𝑃actual) needed to destroy the target can be calculated by 

equation below: 

 
𝑃actual = 𝑃𝑇𝑚 (

1

100% − 90%
) = 10 𝑃𝑇𝑚 

(3.12) 
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Chapter Four 

Results and Discussion 

4.1 Introduction  

              In this chapter, all simulations results obtained by creating a multi-

parameter program (as described in Chapter 3) will be reviewed. Where it 

calculated the amount of energy needed to destroy any target within the range 

allowed, as well as all the weather Parameters that caused a loss in the energy of 

the laser beam as it moves from the FELDS to the target. As well as other results 

will be analyzed and discussed in detail based on the physical principle mentioned 

in Chapter 2. 

4.2 The Design of Free Electron Laser Defenses System FELDS  

             The proposed design of the FELDS, shown in Fig. 3.1, consists mainly of 

three parts. The important part is the undulator, it will use an undulator with length 

(2.5 m), which makes the electrons oscillating around the propagation axis. As a 

result of this oscillating, the emission of laser photon occurs. The radiation spectral 

width depends on the number of undulator periods. The relation between the 

undulator period length (𝜆𝑚) and wavelength (𝜆) of laser beam, is represented by 

the curve as shown in figure (4.1). The wavelength of the laser beam for FELDS 

depends on the undulator period length (𝜆𝑚). As a result of the acceleration and 

deceleration of the electron as it moves between the poles of the magnet, energy 

will be emitted in the form of photons, the amount of photon energy proportional 

to the undulator period length (𝜆𝑚).  
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This process represents the basic principle for determining the wavelength of the 

transmitted laser beam at (9731 A0) when the value of electron energy 

beam(𝐸𝑏𝑒𝑎𝑚), undulator gap (gw), and magnetic field(𝐵𝑤)  are constant. This 

corresponds to the theoretical part (equations 2.1&2.3).  

 

Figure 4.1 shows the wavelength (𝜆) change with the change of undulator 

period length (𝜆m). 

 

             Figure (4.2) shows the inversely proportional between the wavelength (𝜆) 

and electron energy beam (𝐸𝑏𝑒𝑎𝑚) at a constant value for undulator period length 

(𝜆𝑚), undulator gap (gw), and magnetic field(𝐵𝑤). That is identical with law of 

photon energy ( 𝐸 = ℎ𝑐/𝜆).   
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Figure 4.2 shows the inversely proportional between the wavelength 

(𝜆) and electron energy beam (𝐸beam). 

 

             According to the figure above, it can get any wavelength of the laser by 

changing these parameters (electron energy beam, undulator period and undulator 

gap) and this is in agreement with the physical principle. 

             The Laser power of FELDS (𝑃𝑍) depends on the undulator length(𝑍𝑤) 

according to the equation (2.5), the relation between (Pz) and (Zw) shown in  Figure 

(4.3). 
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Figure 4.3 shows the directly proportional between the laser power PZ (kW) 

and the undulator length Zw (m). 

 

The amplifier of the laser power (𝑃𝑚) by the mirror depends on the distance 

between two mirrors (𝐿𝑐) and the reflectivity of the mirrors (𝑅1, 𝑅2), Figure 4.4 

shows the effect of distance between two mirrors (𝐿𝑐) on the amplifier of the laser 

power(𝑃𝑚). Where the power (𝑃𝑚) is directly proportional with distance between 

two mirrors(𝐿𝑐), and this is identical with Eq.(2.21). The resonators are used to 

select frequencies further. The increase of the resonators length will lead to the 

generation of coherent photons, where the increase of the movement of photons 

back and forth leads to the stimulation of other photons at the same frequency. 
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Figure 4.4 shows the effect of distance between two mirrors (𝐿𝑐) on the 

amplifier of the laser power (𝑃𝑚). 

 

             The spot size of laser beam which is out from mirror (𝑑𝑚𝑖𝑟𝑟𝑜𝑟) is directly 

proportional with the distance between two mirrors (𝐿𝑐) and inversely proportional 

with the Rayleigh length (𝑍𝑅), Figure 4.5 shows the relation between the beam 

spot size  (𝑑𝑚𝑖𝑟𝑟𝑜𝑟) and the distance between two mirrors(𝐿𝑐). The beam spots are 

much wider in the resonator mirrors. That’s identical with Eq. (2.26). The reason 

for the large increase in spot size(𝑑𝑚𝑖𝑟𝑟𝑜𝑟)  is that the increased distance between 

the mirrors (𝐿𝑐) is accompanied by a large increase in the length of Rayleigh (𝑍𝑅), 

this causes an exponential rise in spot size as shown in the curve. 
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Figure 4.5: Shows the relation between the beam spot size(𝑑𝑚𝑖𝑟𝑟𝑜𝑟) and the 

distance between two mirrors (𝐿𝑐). 

                

                 According to the equation (2.23) the Rayleigh length (ZR) value 

depending on the distance between two mirrors (𝐿c) and stability of resonator 

(g1and g2), where (ZR) increasing at (Lc) equal to 2.8 to 5.8, above this value of 

(Lc) (from 5.7 to 8.2) Rayleigh length value decreasing with increasing distance 

between two mirrors this decrease occurs as a result of the change in the value of 

(g1 and g2) according to the equation (2.20), figure 4.6 shown the change in the 

Rayleigh length as a function of distance between two mirrors (Lc). 
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Figure 4.6 shows the relation between the Rayleigh length (𝑍𝑅) and the 

distance between two mirrors (𝐿𝑐). 

4.3 Standard Atmosphere Modeling 

  Moving away from the earth's surface causes a significant change in 

temperature(𝑇𝐴) , as a result of the different components of the atmosphere 

depending on equation (2.28). Also, the pressure 𝑃𝐴(mbar) and density   𝜌𝐴 (kg/m3) 

vary with altitude 𝑅𝐴 (km) depending on equations (2.29-2.31).  It can show the 𝑃𝐴 

and 𝜌𝐴 drops exponentially with increasing altitude above mean sea level because 

most of the atmospheric mass concentrates in a troposphere layer. Subsequently, 

this has significant effects on the Laser power depending on the change of 

temperature(𝑇𝐴), pressure (𝑃𝐴) and density(𝜌𝐴 ). Table 4.1 shows the value of the 

temperature, pressure and density as a function of altitude. 
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Table 4.1 shows the value of the temperature, pressure, and density as a 

function of altitude. 

𝑹𝑨(𝒌𝒎) 𝑻𝑨 (𝑲) 𝑷𝑨(𝒎𝒃𝒂𝒓) 
𝝆𝑨 (

𝒌𝒈

𝒎𝟑
) 

0 288.15 1013.25 1.225 

5 255.65 540.18 0.736 

10 223.15 264.34 0.4127 

15 216.65 120.45 0.1936 

20 216.65 54.78 0.0880 

25 221.65 25.359 0.0398 

30 226.65 12.145 0.0186 

35 237.05 5.926 0.0087 

40 251.05 3.075 0.0042 

45 265.05 1.710 0.0022 

50 270.65 0.942 0.0012 

55 259.45 0.490 0.00065 

60 245.45 0.237 0.00033 

65 231.45 0.105 0.00015 

70 217.45 0.042 6.7𝑥10−5 

 

 

 

 

 



CHAPTER FOUR                                                                                                          RESULTS AND DISCUSSION  

 
51 

The change in the temperature, pressure and density with altitude shown in Figure 

4.7, 4.8 and 4.9. 

Figure 4.7 shows the change in temperature degree 𝑇𝐴 (K) with altitude 𝑅𝐴 

(km). 

 

Figure 4.8 shows the change in the pressure 𝑃𝐴 (mbar) with altitude 𝑅𝐴 (km). 
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Figure 4.9 shows the change in density 𝜌A (kg/m3) with altitude 𝑅𝐴 (km). 

  From the figures, we can see the change in temperature (increase, 

decreases) are due to solar energy absorption by atmospheric molecules, the 

density and pressure are less valuable in the atmosphere as a result of higher 

altitude than sea level, these phenomena are due to the most of the basic 

components of the atmosphere (molecule's, small atoms and aerosol) are 

concentrated in the troposphere layer.  

4.4 Atmospheric Attenuation 
 

              The atmospheric attenuation that affects on the FELDS was calculated by 

using the equations (2.32-2.36). The first layers of the atmosphere (0 - 11 km) have 
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layer. According to equations that mentioned above (2.32-2.36), Table 4.2 shows 

the value of scattering, snow and rain attenuation that change with altitude.  

Table 4.2 shows the value of scattering, snow and rain attenuation that 

change with range. 

Rr (km) V 
𝛽 (

1

𝑘𝑚
) 

PDS (KW) without 

rain & snow 

PDS (W) with rain & 

snow 

0 0  15.49𝑥109 15.49𝑥109 

5 1 0.442 4.21𝑥104 3.3𝑥102 

10 1.3 0.186 1.21𝑥104 7.8𝑥10−4 

15 1.3 0.124 5.87𝑥103 3.6𝑥10−5 

20 1.3 0.093 3.49𝑥103 2.7𝑥10−5 

25 1.3 0.074 2.33𝑥103 1.4𝑥10−5 

30 1.3 0.062 1.67𝑥103 1.0𝑥10−5 

35 1.3 0.053 1.26𝑥103 7.8𝑥10−6 

40 1.3 0.046 9.88𝑥102 6.1𝑥10−6 

45 1.3 0.041 7.95𝑥102 4.9𝑥10−6 

50 1.3 0.037 6.55𝑥102 4.0𝑥10−6 

55 1.6 0.028 5.64𝑥102 3.5𝑥10−6 

60 1.6 0.026 4.93𝑥102 3.0𝑥10−6 

65 1.6 0.024 4.35𝑥102 2.7𝑥10−6 

70 1.6 0.022 3.88𝑥102 2.4𝑥10−6 

Figure 4.10 illustrates the inversely proportional between the range Rr (km) and 

scattering and absorption coefficient 𝛽𝑆𝑐 (1/km). 

Also, Fig 4.11 illustrates the inversely proportional between the range Rr (km) and 

the reach power need to de.stroy the target 𝑃𝐷𝑆 (𝑊).  
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Figure 4.10 shows the scattering coefficient 𝛽𝑆𝑐  (1/𝑘𝑚)as an exponential 

function of range Rr (km). 

 

Figure 4.11 shows the effect of scattering coefficient on laser beam PDS (W) 

as a function of range Rr (km). 
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              From figure above, it can show the effect of the scattering coefficient 

which is significant in the first layer (0-11 km) because the all-weather change 

occurs in the first layer and this effect decreases with altitude.  

             The effect of the rainfall and snow on the laser beam was calculated 

according to equation (2.33-2.36) and it is shown in figure 4.12, we use the rate of 

rainfall and snow of Canada for November 2016 as an example for study [74]. 

 

Figure 4.12 shows the effect of rainfall, snow and scattering on laser beam 

PDS (W) as a function of range Rr (km). 
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              The effect of rainfall and snowfall on the FELDS is very high, so most of 

the loss of FELDS power occurs in the first layer (see table 4.2). The atmospheric 

conditions should be observed before designing the weapon.  

4.5 Atmospheric Turbulence          

             The value of atmospheric turbulence air refractive index (n), index 

refraction structure factor(𝐶𝑛
2), fried parameter(𝑟0), Laser beam divergence(𝛿) and 

target distance move(𝐷𝑡𝑎) was calculated by using equation (2.37-2.39 and 3.4), 

Table 4.3 shows the changing of atmospheric turbulence parameters with altitude. 

In high altitudes, the refractive-index n close to 1 in order to change in the pressure 

and the slight temperature. The change in the refractive index (n) with pressure 

(𝑃𝐴) and altitude (𝑅𝐴) respectively shown in figures 4.13 and 4.14. 

 

Table 4.3 shows the changing of atmospheric turbulence parameters with 

altitude. 

𝑹𝑨 

(𝒌𝒎) 

𝒏 
𝑪𝒏

𝟐 (𝒎−
𝟐
𝟑) 𝒓𝟎(𝒎) 𝜹 (𝒎) 𝑫𝒕𝒂(𝒄𝒎) 

Aircraft 

𝑫𝒕𝒂(𝒄𝒎) 

Missile 

0 1.0002754 6.5𝑥10−12 0.008 0 0 0 

5 1.0001652 2.9𝑥10−12 0.007 0.15 0.005 0.08 

10 1.0000926 1.3𝑥10−12 0.010 0.30 0.011 0.17 

15 1.0000431 4.0𝑥10−13 0.017 0.46 0.017 0.26 

20 1.0000196 8.2𝑥10−14 0.040 0.61 0.023 0.35 

25 1.0000089 1.6𝑥10−14 0.099 0.76 0.029 0.43 

30 1.0000042 3.3𝑥10−15 0.242 0.91 0.035 0.52 

35 1.0000019 7.2𝑥10−16 0.566 1.06 0.040 0.61 
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40 1.0000010 1.4𝑥10−16 1.43 1.22 0.046 0.70 

45 1.0000005 3.2𝑥10−17 3.33 1.37 0.052 0.78 

50 1.00000027 1.0𝑥10−17 6.39 1.52 0.058 0.87 

55 1.00000015 3.1𝑥10−18 12.67 1.67 0.064 0.96 

60 1.00000008 1.0𝑥10−18 24.09 1.83 0.070 1.05 

65 1.000000035 2.8𝑥10−19 50.52 1.98 0.075 1.13 

70 1.000000015 6.4𝑥10−20 119.03 2.13 0.081 1.22 

 

 

Figure 4.13 shows the change in refractive index n with Pressure PA 

(mbar). 
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Figure 4.14 shows the change in refractive index n with altitude 𝑅𝐴 (Km). 

             The refractive index structure constant (𝐶𝑛
2) is used to determine the 

strength of atmospheric turbulence. It’s inversely proportional with altitude 

according to equation (2.38), when(𝐶𝑛
2)  increases lead to increase in atmospheric 

turbulence. Figure 4.15 shows the change in the index of refraction structure 

parameter (𝐶𝑛
2)  in unit of (m -2/3) with altitude(𝑅𝐴). 

Figure 4.15 shows the change in the index of refraction structure parameter 
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2
 in unit of (m 

-2/3
) with altitude 𝑅𝐴. 
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            The turbulence of refractive index structure constant (𝐶𝑛
2) is  very high in 

the first layer (10−12), it will greatly attenuate the  FELDS Power but this effect of 

𝐶𝑛
2 decreases at altitude 70 km the( 𝐶𝑛

2 = 10−20). 

            According to Equation (2.39, 3.4), it was determined the laser beam 

divergence (𝛿) and Fried parameter (𝑟0) as a function with range (𝑅𝑟). Figure 4.16 

illustrates this relation, where 𝑟0 defines as a circular diameter over which the laser 

beam maintains coherence. The lower value of 𝑟0 implies stronger turbulence. 

Where the turbulence is very strong in the lower atmosphere, due to the significant 

temperature change in those layers according to equation (2.28). Based on the 

above, the upper atmosphere is ideal for laser weapons, due to low values of both 

turbulence and scattering. 

              The divergence of laser beam makes a problem to destroy the target, for 

solving this problem it can use the convex lens use to focus this beam on the target 

without divergence. 

Figure 4.16 shows the laser beam divergence (𝛿) and Fried parameter 𝑟0 

as a function with rang 𝑅r. 
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4.6 The Extra Distance of Target 

               For the aircraft and missile, the extra distance (𝐷𝑡𝑎) is calculated during 

the time period between the moments of launch of the laser beam from the FELDS 

to the moment falls on the target (based on equation (3.3)).    

Figure 4.17 shows the extra distance for  aircraft and missile, that means an 

increase in the time needed to deliver the power between the laser FELDS and the 

target, where  (𝐷𝑡𝑎)  depends on the speed of the target. 

              It is worth mentioning that the extra distance of the missile is larger than 

the aircraft, due to the speed of the missile is much greater than the speed of the 

aircraft. 

 

Figure 4.17 shows the extra distance for aircraft and missile. 
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4.7 The Power Needed to Destroy the Target  

              The actual power 𝑃actual (kW) needed to destroy the target (Its external 

surfaces are made of steel or aluminum) as a function with altitude RA (km). It was 

calculated according to equation (3.11, 3.12), Table 4.4 shows the actual power 

needed to destroy the target for steel and aluminum. Figure 4.18 shows the change 

in the power need as a result to the change of altitude RA (km). The power needed 

to destroy the target varies depending on the altitude of the target from the sea 

level. This variation is due to the different temperatures of the different atmosphere 

layers, where the amount of power needed varies depending on the equation Eq. 

3.11 

Table 4.4 shows the actual power needed to destroy the target for steel 

and aluminum. 

R 

(km) 

𝑷𝑻𝒎 for 

Steel 

in  (kW) 

𝑷𝐚𝐜𝐭𝐮𝐚𝐥 for 

Steel 

in  (kW) 

𝑷𝑻𝒎 for 

aluminum 

in  (kW) 

𝑷𝐚𝐜𝐭𝐮𝐚𝐥 for 

aluminum 

in  (kW) 

0 38.30 382.98 22.03 220.26 

5 38.37 383.70 22.08 220.76 

10 38.44 384.42 22.13 221.26 

15 38.46 384.57 22.14 221.36 

20 38.46 384.57 22.14 221.36 

25 38.45 384.46 22.13 221.28 

30 38.43 384.35 22.12 221.20 

35 38.41 384.12 22.10 221.04 

40 38.38 383.80 22.08 220.83 

45 38.35 383.49 22.06 220.61 

50 38.34 383.37 22.05 220.53 
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55 38.36 383.62 22.07 220.70 

60 38.39 383.93 22.09 220.91 

65 38.42 384.24 22.11 221.13 

70 38.46 384.55 22.13 221.34 

 

 

 

Figure 4.18 shows the change in the actual power need to destroy the 

target (steel or aluminum) 𝑃actual(kw) with altitude RA (km). 
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Chapter Five 

Conclusions and Suggestions for Future Work 

5.1 Conclusions 

From previous results of free electron laser FIELDS, it can be concluded the 

following:  

1. The atmosphere affects significantly on the effectiveness of free electron 

laser FELDS, which is produced from temperature fluctuations, construction 

of the gas and dust atoms. 

2. The weather changes occur in the troposphere layer (0-11 km), so that the 

turbulence effect significantly on the laser beam of FELDS, While their 

effect decreases as we move away from the troposphere, because the mass of 

the atmosphere is concentrated in the troposphere. 

3.  The effect of rainfall and snowfall on the beam of  FELDS is significantly 

appears in the first layer of the atmosphere (0-1 Km). 

4. The divergence of laser beam makes a problem to destroy the target, for 

solving this problem we can use the convex lens which is used to focus this 

beam on the target without divergence. 

5. In perfect weather case (without rainfall and snowfall) this design of FELDS 

can be effective on the target (destroy the target at altitude 70 Km) with 

output power about (388000 KW). 
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5.2 Suggestions for Future Work 

1-  Designing a free electron laser weapon with a wavelength within the   X-ray 

region produces high destructive power. 

2- Increase the effectiveness and energy of FELDS destruction by developing 

and enlarging laser resonator mirrors 

3- Try to increase the range of the FELDS for more than 70km 

by increasing the length of undulator. 

4- Changing the initial shape of the undulator with new dimensions in the form 

of vertical rows to reduce the size of the free electron laser. 

 



 

 
65 

 

 

             In this work, a new free electron laser defense system (FELDS) is 

designed and details of its steps are shown in Figure 1 

 

Fig. 1: Flowchart of Free Electron Laser Defense System (FELDS). 
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            Also, it has been established special program using Visual Basic 2010 

programming language, which contains many parameters as shown in 

Figure2. 

 

Fig. 2: Shows the design of FELDS program. 

 

Contents of the program 

The program ‘Free electron laser defenses system (FELDS) ‘consists 

of three units: 

 Input unit 

 Account unit 

 Output unit  

 These units contain many functions and parameters, which are 

based on a set of basic laws used to get the results described in chapter four. 
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 Input unit 

 Electron beam energy 𝐸𝑏𝑒𝑎𝑚 

 Wavelength of wiggler 𝜆𝑚 

 Undulator gap  𝑔𝑤 

 Undulator length  𝑍𝑤 

 Initial beam size of the electron beam 𝜎 

 Beam current of the electron beam 𝐼𝑏𝑒𝑎𝑚 

 Classical radius of the electron 𝑟𝑒 

 Light speed c 

 Electron Charge e 

 Electron mass 𝑚𝑒 

 Reflection of mirrors 𝑅1, 𝑅2 

 The radius of curvature 𝑟1, 𝑟2 

 Distance between two mirrors 𝐿𝑐  

 

 
   Account unit 

 laser wavelength 𝜆 = 𝜆𝑚 (
1

2𝛾2
+

𝐾2

4𝛾2) 

 Relativistic Lorentz-factor 𝛾= 𝐸𝑏𝑒𝑎𝑚/𝑚𝑒𝑐2 

 Wiggler parameter K =  0.934 𝐵𝑤 𝜆𝑚  

 Number of undulator periods 𝑁𝑢 = 𝑍𝑤/𝜆𝑚 

 Scaling parameter of FEL  𝜒 = √(
𝑎𝑤 𝑤𝑝

4𝛾 𝑤𝑐
 𝐹(𝑘))

2
3

 

 The gain-length 𝐿𝐺 =
𝜆𝑚

4 𝜋 √3 𝜒
 

 Electron beam density 𝑛𝑒 =
𝐼𝑏𝑒𝑎𝑚

2𝜋𝑒𝑐𝜎2 

 Magnetic field 𝐵𝑤 = 4.22 exp [−
𝑔𝑤

𝜆𝑚
(5.08 + 1.54 

𝑔𝑤

𝜆𝑚
)] 

 Resonator stability 𝑔1 = (1 −
𝐿𝑐

𝑟1
), 𝑔2 = (1 −

𝐿𝑐

𝑟2
)   

 Power FELDS 𝑃𝑚 = 𝑃𝑧 𝑅1 𝑅2 𝑒
2𝐿𝑐 (𝐺−∀) 
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 Rayleigh length 𝑍𝑅 = √
𝑔1𝑔2(1−𝑔1𝑔2)𝐿𝑐

2

(𝑔1+𝑔2−2𝑔1𝑔2)2
 

 Beam spot size 𝑑𝑚𝑖𝑟𝑟𝑜𝑟 = 𝑑0√[1 + (
𝐿𝑐

2 𝑍𝑅
)

2
] 

 Quality-factor 𝑀2 =
𝜋 𝜔0

2

𝑍𝑅 𝜆
. 

 

 Output unit  

A white screen to display the results 

          Below is part of the language of the program, in which the simulation 

was done and the results obtained. 

 

Private Sub Button4_Click(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles Button4.Click 

        TextBox1.Text = (((Val(TextBox4.Text) * 10 ^ 8) / (2 * ((1.957 * 10 ^ 3 * 

Val(TextBox3.Text)) ^ 2))) * (1 + (((0.934 * Val(TextBox5.Text) * 

Val(TextBox4.Text)) ^ 2) / 2))) 

        x = Val(TextBox1.Text) 

        ArithmeticProcess = " ((Val(TextBox4.text)*10^8)/(2 * ((1.957 * 10 ^ 3 * 

Val(TextBox3.Text)) ^ 2)))*(1 + (((0.934 * Val(TextBox5.Text) * 

Val(TextBox4.Text)) ^ 2) / 2)) " 

    End Sub 

TextBox1.Text = ((((0.934 * Val(TextBox5.Text) * Val(TextBox4.Text) * 10 ^ -2) * 

(((4 * 3.14 * 2.817 * 10 ^ -15 * 9 * 10 ^ 16 * ((Val(TextBox9.Text) * 10 ^ 3) / (2 * 

3.14 * 1.6 * 10 ^ -19 * 3 * 10 ^ 8 * (Val(TextBox7.Text) * 10 ^ -6 * 

Val(TextBox15.Text) * 10 ^ -6)))) / (Val(TextBox3.Text) / (0.511 * 10 ^ -3))) ^ 
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0.5)) / (4 * (Val(TextBox3.Text) / (0.511 * 10 ^ -3)) * ((2 * 3.14 * 3 * 10 ^ 8) / 

(Val(TextBox4.Text) * 10 ^ -2)))) ^ (2 / 3)) 

        x = Val(TextBox1.Text) 

        ArithmeticProcess = " ((((0.934 * Val(TextBox5.Text) * Val(TextBox4.Text) * 

10 ^ -2) * (((4 * 3.14 * 2.817 * 10 ^ -15 * 9 * 10 ^ 16 * ((Val(TextBox9.Text) * 10 ^ 

3) / (2 * 3.14 * 1.6 * 10 ^ -19 * 3 * 10 ^ 8 * (Val(TextBox7.Text) * 10 ^ -6 * 

Val(TextBox15.Text) * 10 ^ -6)))) / (Val(TextBox3.Text) / (0.511*10^-3))) ^ 

0.5)) / (4 * (Val(TextBox3.Text) / (0.511*10^-3)) * ((2 * 3.14 * 3 * 10 ^ 8) / 

(Val(TextBox4.Text) * 10 ^ -2)))) ^ (2 / 3)) " 

    End Sub 
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 الخلاصة

 

  لحييي   لالكتييي    ل ييي   دفييي   لمنظ مييي  جد يييد نمييي    تصيييم   تييي   لعمييي   هييي   فييي            

FELDS   لصيي    ) هييد  أي لتييدم    ع ل يي   بط قيي   لحميي    تحيي   لأشييع  نطيي   فيي     

  لي ي  لهيد  خصي ئ  مع في   تطلي  دفي   نظ   أي تصم      .  ك  70   بمدى(  لط ئ   

   . مبتعييد      لييدف   منظ ميي  نحيي  متجهيي  كيي   سيي     ح كتيي    لهييد    مييدى تييدم    سيي ت 

  معجي   لإلكت  ني   ق  في  أس سي   هي  مك ني   أ بعي   تضيم   لح   لإلكت    ل     تصم  

 . لبص ي   لم ن    لد  ي  لمغن ط س    لمج     لإلكت  ن  

 ب ن مج إنش   ت  فقد  لنظ    ه   متغ      تحد د  لدف    لنظ   مح ك ة عم  أج  م            

 لحسي    لمعل مي   مي   لعد د على  حت ي  2010 ب سك فج     لب مج  لغ  ب ستخد   خ  

  لانعكي    مع مي    لمطي    لضب      لتشت   لامتص   مث )  لج ي  لغلا  تأث    تحل  

 طبقي   عبي   لمي   FELDS مي   لن تج لل    شع   على(  لح م    نف      لانكس    مع م 

              . لمختلف   لج ي  لغلا 
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